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PREFACE TO THE THIRD EDITION 


In the twenty-six years which have elapsed since the publication of 
the Second Edition of this book several thousand papers dealing 
with questions relating to the discharge of electricity through gases 
have been published, many new phenomena have been discovered 
and many new ideas introduced. This has made it necessary to re¬ 
write practically the whole of the book, and less than 14 per cent, 
of the present volume has appeared in the same form in a previous 
edition. Many of the chapters are wholly new, the older matter 
being confined almost entirely to Chapters i, vii and ix. 

A discharge of electricity through a gas is in general a very 
complex phenomenon, for a gas can be put into a state in which it 
can conduct electricity in many different ways. The conducting 
state may be produced by the impact of electrons against the atoms 
or molecules of the gas, by the impact of a particles, by the incidence 
of radiations of various kinds, such as Rontgen and y rays, ultra¬ 
violet light, or the radiation produced by the discharge itself and 
by very high temperatures. 

The presence of layers of gas on the walls of the tube, or spread 
over the electrodes, the electrification of the glass, the presence of 
traces of impurities may all have great influence upon the discharge. 
The gas itself may be changed by the discharge owing to the forma¬ 
tion of new allotropic modifications or new compounds: fortunately 
the discharge itself provides in “ Positive Rays ” a means of detecting 
these and ascertaining their chemical composition; this method 
of analysis is capable of much wider application than it has yet 
received. Again the discharge, though it may seem uniform and 
continuous Avhen observed directly, may in reality be a succession 
of separate discharges following one another so quickly as to appear 
continuous, so that the effects which are observed are averages and 
may^ot correspond to anything which has physical significance. 

In fact the discharge involves so many factors that it is almost 
impossible to disentangle the importance and properties of any one 
factor by direct observation of the discharge itself. To do this it is 
necessary to make ad hoc experiments on this particular factor, 
isolating it as far as possible from the influence of other factors: 
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a considerable part of this volume consists of descriptions of sucb 
experiments. In several cases the results obtained by different 
observers are contradictory, suggesting that some of these factors 
may themselves be complex and depend on unsuspected conditions 
which have not been specified. It is fortunate that the electric 
discharge is generally luminous so that changes in it can easily be 
observed. It can be got too into a state which is very nearly 
unstable, it then becomes a very sensitive detector of whether or 
not any particular change in the conditions affects the discharge. 

Our thanks are due to Professor H. Dingle, D.Sc., and Dr P. B. 
Moon, who have each read portions of the book. We are also greatly 
indebted to Mrs G. P. Thomson, who has done the name index 
entirely and helped with the subject one. 


Dec. 1932 


J. J. THOMSON 
G. P. THOMSON 
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CHAPTER I 


so:me properties of cathode rays 


In VoL I an account has been given of measurements of the 
mass of the cathode rays, and of their velocity. In this and the 
two following chapters we shall consider some of their other pro¬ 
perties, leaving an account of the part which they play in the 
mechanism of the discharge till Chapter viii. 

The cathode rays were discovered by Plucker^ in. 1859; he 
observed on the glass of a highly exhausted tube in the neighbour¬ 
hood of the cathode a bright phosphorescence of a greenish-yellow 
colour. He found that these patches of phosphorescence changed 
their position when a magnet was brought near to them, but 
that their deflection was not of the same nature as that of the rest 
of the discharge which he had carefully studied. Pliicker ascribed 
the phosphorescence to currents of electricity which went from 

the cathode to the walls of the tube and then retraced, for some 
reason or another, their steps. 


The subject was next taken up by Plucker’s pupil Hittorf^ 
to whom we owe the discovery that a solid body placed between 
a pointed cathode and the walls of the tube casts a well-defined 
shadow, the shape of the shadow depending only upon that of 
the body, and not upon whether the latter be opaque or tr.ans- 
parent. an insulator or a conductor. This observation was con- 
hrmed and extended by Go]dstein3. who found that a well-marked 
though not very sharply defined, shadow was cast by a small 
body near the cathode, whose area was much greater than that of 
the body: this was a very important observation, for it showed 
that the rays producing the phosphorescence came in a definite 
direction from the cathode. If the cathode were replaced liy a 
uminous disc of the same size, no shadow would be ca.st by a 
small object placed near it; for though the object might intercept 

1 Plucker, A,ui. t-vii. p. 77, IS.",!); cxvi. p. 4,7, |802. 

2 Hittorf, Pofjfj. Anv. cxxxvi* p* 8 , iHiMK 

3 Goldstein, Perl^ p. 284, 1S7G. 
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SOME PROPERTIES OF CATHODE RAYS 


the rays which came normally from the disc, yet enough light 
would be given out sideways by other parts of the disc to prevent 
the shadow being well marked. Goldstein, who introduced the 
term ‘ Kathodenstrahleu’ for these rays, regarded them as waves 
in the ether, a view which received much support in Germany. 
A very different opinion as to the origin of the rays was expressed 
by Varley', and later by Crookes^, who advanced many and 
weighty arguments in support of the view that the cathode rays 
were electrified particles shot out from the cathode at right angles 
to its surface with great velocity, causing phosphorescence and 
heat by their impact with the walls of the tube, and suffering a 
deflection when exposed to a magnetic field by virtue of the 
charge they carried. The particles in this theory were supposed 
to be of the dimensions of ordinary molecules; the discovery 
made by Hertz^ that the cathode rays could penetrate thin gold- 
leaf or aluminium was difficidt to reconcile with this view of the 
cathode rays; although it was possible that the metal when ex¬ 
posed to a torrent of negatively electrified particles acted itself 
like a cathode and produced phosphorescence on the glass behind. 
The measurements described in Vol. i of the mass of the particles 
carrying the charge show that though the cathode rays do consist 
of negatively electrified particles, the particles are not of the 
magnitude of even the smallest molecules, having a mass only 
about one-four-thousandth part of that of a molecule of hydrogen. 
We shall now proceed to describe the properties of the cathode 
rays in detail, beginning with that which led to their discovery, 
viz. the phosphorescence they produce when they fall on solids. 

Phosphorescent Effects and Colour Changes. 

The colour of the phosphorescent light they produce when 
they fall on glass depends upon the nature of the glass; thus with 
soda glass the light is yellowish-green, with lead glass it is blue, 
A very large number of bodies become phosphorescent when ex¬ 
posed to these rays; indeed, this phosphorescence often affords 
a convenient means for detecting the rays: as phosphorescence 
IS very easily excited in potassium platino-cyanide, a screen of 

1 Varley. Proc. Roy. Soc. xix. p, 23G. 1871. 

2 Crookes, Phil. Trans, cl.vx. pp. 135, 641, 1879. 

3 Hertz, Wied. xlv. p. 28, 1892. 



SOME PROPERTIES OF CATHODE RAYS 3 

this substance is often used to detect the rays. The spectrum of 
the light given out by bodies when phosphorescing imder bom¬ 
bardment by these rays is generally a continuous one. Sir William 
Crookes has shown that when the cathode rays fall on some of the 
rare earths, such as yttrium, the substance gives out a spectrum 
with bright bands; he has founded on this observation a spectro¬ 
scopic method which is of the greatest importance in the study o 
the rare earths^. These earths are luminous when raised to a high 
temperature as in the mantles of Welsbach burners; there is, how¬ 
ever, a marked difference between the incandescence produced in 
this way and that produced by cathode rays; thus in the Welsbach 
burner the addition of 1 per cent, of ceria to thoria increases the 
luminosity elevenfold as compared with that of pure thoria. 
Campbell Swiuton^ has shown, however, that it produces no appre¬ 
ciable change in the luminosity under cathode rays: again, in the 
flame pure ceria gives about as much light as pure thoria, while 
under cathode rays pure thoria gives a brilliant light, and pure 
ceria practically no light at all. 

Among other convenient substances for the detection of cathode 
rays by j>hosphorescent action are the mineral willemite and pre¬ 
parations of zinc sulphide containing small amounts of various 
impurities. The light from the willemite is pale green, from the zinc 
sulphide it usually has a bluish tinge. While some samples of zinc 
sulphide are brighter than willemite, they have the disadvantage 
that the phosphorescence lasts for a considerable time after the 
cathode rays have ceased. This is inconvenient when one wants to 
observe changes in the distribution of the cathode rays. Willemite 
also shows some after-effect but not nearly so much. Zinc sulphide 
screens also are affected by the light they themselves emit, so that 
the contrast between the parts struck by the rays and the rest is 
not so great as for willemite. 

In making a phosphore.scent screen it is convenient to suspend 
the powdered willemite in water containing a little sodium silicate, 
and allow the solution to evaporate on a glass plate. The sodium 
silicate helps the willemite to stick to the glass. Calcium tungstate 

1 <'rooke.s, l*hiL Trans, clxxiv. p. 81)1, 1883; rlxxvi. p. f>yi. 188.>. 

2 Campbell JSuititon, Proc. Roy. .Vor. Ixv. p. 115, 1891). 
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IS often used for the screens in cathode ray oscillographs, it gives a 
blue light which is photographically active and shows little after¬ 
effect. Lenard {Handbuch der Experimental-Physik, xiv. p. 81) 
recommends the use of pentadecylparatolyketon. It is however 
only sensitive to electrons above 4000 volts energy, while willemite is 
sensitive down to one or two hundred. The luminosity of the keton 
is proportional to the intensity of the rays and it has no after-effect. 

Lithium chloride gives a strong luminosity. If a beam of 
cathode rays is slowly moved over the salt by a magnet, the path 
of the beam traces out a coloured band over the surface of the salt. 
The light given out is blue, but if positive rays are used instead of 
cathode rays lithium chloride shines with the red light of a lithium 
flame. It is thus a useful indicator. The impact of the cathode 
rays produces in some cases very definite chemical changes • thus 
Goldstein^ has shown that the haloid salts of the alkali metals 
change colour when exposed to the rays. For example, crystals of 
rocksalt acquire under the rays an amber tint which changes to 
blue on heating to 200° C.; this tint is not permanent, tLugh 
under certain circumstances the rate of decay is exceedingly slow- 
thus there were at the Cavendish Laboratory some of these 
crystals which, corked up in a test-tube but not kept in the dark, 
retained a strong coloration for more than seven years: exposure to 

“rdklnr""' rapidly. The original amber 

mt disappears quickly, especially in the light. Similar changes 

diloridTisr^t l" “eans; thus if sodiL 

the slme i* gets coloured in much 

he same ivay as if it were exposed to cathode rays; the coloured 

Tl e blue saT electrolysis of haloid salts, 

llie blue salt also occurs native. 

When naturally coloured blue rocksalt is examined by the 
niethod of electron diffraction (see below) it shows the structure of 
normal sodium chloride. Elster and GeiteP discovered that these 
loured salts are very photo-electric, discharging negative elec 

tricity when expo.sed to light; behaving in fact ! , 

traces of the free metal Pohl and ^ ^ contained 

blue colour ,s due to minute particles of metallic sodium dis- 

1 Goldstein. Il icd. A»„. liv. p. 371, 1895. 

2 Elster and Geitel, A»n. lix. p. 487, 1896. 
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seminated throughout the crystal. Gudden and Pohl have made 
extensive studies of the conductivity of coloured rocksalt under 
the influence of ultra-violet light. (See Die Lichtelel'trische Erschei- 
nungeriy Berlin, 1929.) The colour changes have been extensively 
studied by Przibram and his co-workers in Vienna. A general 
account of this work, with references, is given in a paper bv 
Przibram, Zeits.f. Phys. xli. p. 833, 1927. The glass of a vacuum 
tube also acquires a violet tint after long use. 

The power of glass to phosphore.sce is deadened by long ex¬ 
posure to cathode rays: this is very beautifully shown in an experi¬ 
ment made by Crookes^. The shadow of a mica cross was thrown 
upon the walls of the tube; after the discharge had been running 
for some time the cross was shaken down or a new cathode in a 
different part of the tube was used; the pattern of the cross could 
still be traced on the glass, but it was now brighter than the rest 
of the glass, instead of darker as before. The portions outside the 
original pattern got tired by the bombardment, and so in the second 
part of the experiment phosphoresced less brightly than the portions 
inside the original shadow which were now bombarded for the 
first time. Crookes^ found that the change in the phosphorescence 
of the glass persisted even after the glass had been fused and 
again allowed to cool. All the substances used as phosphorescent 

screens also show a fatigue effect, and cease to function after lom^ 
exposure. ® 

\iilard=' found that cathode rays exert a reducing action; 
thus if they fall upon an oxidised copper plate, the part exposed to 
the rays becomes bright. In considering the chemical effects pro¬ 
duced by the rays we ought not to forget that the incidence of 
the rays is often accompanied by a great increase in temperature, 
and that some of the chemical changes may be secondary effects 
due to the heat produced by the rays. Platinum after lomr 
exposure to the rays gets covered with platinum black. 

2 her mol u m i n esce n ce. 

In some cases, even when no visible coloration is produced 
the behavionr of the body after exposure to the rays shows that it 

1 Crookes, Phil, Trans, clxx. p, 04.>. 1879. 

2 Villard, Journal de Physique, :jine Sorie. t. viii. p. !4l>, 1899. 
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has been changed. A very striking instance is the property called 
by E. Wiedemann^ ‘Thermoluminescence.’ Some bodies, after ex¬ 
posure to cathode rays, are found to possess for some time the 
po^ver of becoming luminous when their temperature is raised to a 
point far below that at which they become luminous when in their 


Substance 


CaS 04 


I 

I 


CaSO^+^tMnSO. 

SrSO^ 

SrS04-f.rMnS0. 

BaS 04 

BaSO^ + .r MnSO. 

.MgSO^ + 1 jMnSO^ 
ZnSO^ 

ZnSCh-r l^o^lnSO. 

Na2S04 

NhoSO^ + 

0-5% MnSO^ 

CVISO^ 

CdSOj + 1 % ]MnSO. 

CaFIg 

CaFl, + xMnFlo 


Cathode 

j phosphorescence 

After-glow 

I 

1 Thermo- 

luminescence 

1 

j Faint yelloAvish 
! red 

None 

None 

' Intense green 

Strong green 

: Intense green 

None 


j Bright red 

Perceptible 

Perceptible 

Faint dark violet 

1 

' j 

Dark blue 

Faint j 

Very faint 

Red 

Perceptible , 

Feeble 

Intense dark red 

Persistent j 

Intense red 

Bright, white 

Persistent 

Wiiite 

Intense red 

Very persistent 

Very strong red 

Bluish 

Faint 

Bright 

Intense brownish 
vellow i 

Strong 

Bright yellow 

\>llow 

Persistent 

Bright vellow 

Intense vellow 

4 

Very persistent 

Intense yellow 

baint bluish 

A^ry faint 

Faint 

Intense green 

Persistent ; 

Intense green 


normal state; they retain this property for weeks, and even months 
after exposure to the rays. The substances in which this property 
IS most highly developed belong to the class of bodies called by 
^ an t Hoff^solid solutions’; these are formed by precipitating 
simultaneously from a solution two salts, one greatly in excess of 
the other. The influence of a slight trace of a second substance on 
the phosphorescence produced while the rays are playing on the 
substance, on the after-glow, which lingers for a time after the 
rays are stopped, and on the thermoluminescence is shown by the 
preceding t^de, due to E. Wiedemann and Schmidt3. By the 
symbol CaSO, - .MnSO.is meant a ‘solid solution’ of a Jce of 
MnSO, in a matrix of CaSO,. Frisch (quoted by Przibram. l.c.) 

I Var’t'HoT"^ P- 

9 P Av V pfu,.sik. Chem. v. p. 322, 1890. 

3 K. Miedemann and Schmidt, H ied. Ann. hi. p. 201. 1805. 
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finds that thermoluminescence is produced in rocksalt by electrons 
with energies down to 10 volts or even less. 

Thermal Effects 'produced by the Rays, 

The cathode rays heat bodies on which they fall. If the rays 
are concentrated by using a concave cathode the effect is very 
intense and even refractory substances such as platinum may be 
melte<l. In an X-ray bulb elaborate precautions have to be taken 
to cool, usually by a stream of water, the target which the cathode 
rays strike. It is easy to calculate the heat produced on the assump¬ 
tion that all the energy of the cathode rays is concentrated into 
heat. In this case the rate of production is VijJ^ where i is the elec¬ 
tron current and V the potential difference between cathode and 
target. Actually a small proportion, of the order of 1 per cent., 
will be transformed into X-rays. In addition some energy may be 
lost in the form of reflected rays (Chap. v). These however will 
carry their full charge but less than their full energy, so that if i is 
the net current measured at the target the effect of reflection will 
be to make the heat i)roduced greater than VijJ. Any secomlary 
electronic emission will have an effect in the same direction. 

Mechanical Effects produced by the Rays. 

A secondary result of the thermal effects produced by the rays 
are the very interesting mechanical effects which have been 
especially studied by Crookes^ find 
Puluz^. A typical example of these 
is afforded by the well-known ex¬ 
periment due to Crook€\s repre¬ 
sented in Fig. 1, where the axle 
of a very light mill with a series 
of vanes is mounted on glass rails 
in a vacuum tu})e; when the discharge passes through the taibe 
the cathode rays strike against the upper vanes and the wheel 
rotates and travels from the negative to the j^ositive end of the tiibe. 

A simple calculation will show that wo cannot ascribe the 
rotation to the momentum communicated to the vanes by the 

1 Crookes, Phil. 7Va«.y. elxx. p. 152, 1879. 

2 1 uluz, Hwliant Eltclrodc Matt&r. Physical Society's Reprint of Memoirs, p. 275. 
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impact of the electrons against them; for, take the case when 

10- am current of 

10 i» ’^ery high velocity of 

unit tTJn ■ tt number of electrons striking a surface in 

electrons to ^reh^ ° tte electrons, then even supposing the 

ntate^ toTte ‘f**’ momentum commu- 
carried hv 22 Vm.l 0 ^o. jf ^ jg ^he charge 

m our case 10- in absolute measure; hence the moment! To! 
mumcated to the surface per second is equal to 2 J 10< dynes, or 

!e7e!!r equivalent to a 

ifference of pressure on the two sides of a vane 1 sq. cm in area 

o one-seven-hundred-miUionth part of an atmosphere; an effect 

altogether too small to explain the movement of a boiy !ch a 

effect similar f ■ '® “lO'^ement IS probably due to an 

ttect similar to that observed in a radiometer, as the impact of the 

other 'starL"^* h the 

^ are arranged so 

?;r r.™ r 

Electric Charge carried by the Cathode Rays. 
electricity was proltd Ti'^tr!dLTway by^!7in"^''FTg 1 

tightly into the neci of the tS rv «ts 

earth and used Ts an ! 1 connected with the 

slit enter T I 

!rthreart 

meter. The cylinders are plae:d!Ts “fofTe 

I .4,,,,. P/,1,,, iii. p, 101, 1900, 

I cmn, ( o,„pfc,s Pcndu,, csxi. p. 1130 , 1893 . 
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of fire of the rays. When the discharge passed through the tube 
and the cathode rays passed horizontally through the vessel C, 
the inner cylinder E received a small, but only small, negative 
charge. The cathode rays were then deflected b}^ a magnet; their 
path could be inferred from the position of the phosphorescent 
patch on the walls of C; when the deflection was increased, so that 
the position of the patch showed that the rays had fallen on the 
opening of the cylinders, there was a very great increase in the 
negative charge received by E; when the rays had been so much 



deflected that the phosphorescent patch fell below the slit, the 
negative charge in the cylinder E again disappeared. This e.xperi- 
ment .show.s that the rays carry a negative charge, as it proves that 
the negative electrification follows e.vactly the same cour.se as the 
rays producing the phosphorescence on the glass. 


This experiment al.so shows that the cathode ravs make the 
gas through which they pass a conductor of electricitv; for if in 
he experiment the discharge is kept continuously pa.ssing throinrli 

ev r ? deflected until they pass into the 

vVh',1 T’ charge on the cylinder will rise to a certain 

, jcyoiid which it will not increase however long the discharge 

ay ,e kept running; this shows that the gas round the cylinder 
• conductor, and the steady state of the cylinder is reached wlnui 

l by conduction through the gas as it 

ga ns from the catho.le rays. The same thing is shown when the 
y nder IS given a negative charge before the discharge tliromdi 

ravs^win''^'"^’ r at bode 

a.vs v.ll increase the charge; if however it is greater than this 
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value, the cathode rays will diminish the charge until it falls to 
this critical value. 

An interesting way of showing the deviation of the cathode rays 
under an electric field is to produce a narrow pencil of the rays 
from a spot of lime on a strip of platinum foil heated to redness by 
an electric current; if this strip is used as a cathode a thin sharply 
defined pencil of rays will start from the patch of lime; if, as in the 



arrangement shown in Fig. 3, a metal plate B is placed near the 

path of the rays, then if this is charged negatively the cathode rays 

will be bent from the plate as in the figure and their path can 

readily be traced by the luminosity they produce in the gas. The 

hot lime enables us to produce rays with a smaller potential 

difference than could be used with a cold cathode, so that the 

velocity of the rays is smaller and their deviation in a given electric 

field larger than is the case for rays produced in an ordinary 
vacuum tube. 
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The pencil of rays is very sensitive to the influence of magnetic 

force and bends into beautiful curves and spirals when a magnet is 
brought near to it. 

Magnetic Spectrum of Cathode Rags. 

Birkeland^ found that when the cathode rays are jrroduced by 
means of an induction coil, a patch of cathodic phosphorescence 
IS not merely displaced by a magnetic field, but is broken up into 
several distinct patches; thus, for examiile, if there is originally a 
narrow straight band of phosphorescence, then under the magnetic 
held, several parallel bright bands of phosphorescence separated by 
comparatively dark spaces are observed. This is called the magnetic 
spectrum. I have obtained similar effects by deflecting the rays by 
electric instead of magnetic forces. This splitting up of the rays 
shows that the original bundle of cathode rays is not homogeneous, 
ut IS made up of groups moving with different, and finitely dif¬ 
ferent, velocities; each group being differently deflected, the slower 
ones more than the faster. Strutt^ has shown that the magnetic 
spectrum is due to the want of uniformity necessarily associated 
with the use of an induction coil, which produces a discontinuous 
ISC arge, and that if the cathode rays are produced by a larve 
e oc rostatic machine, or a large number of storage cells, either of 
whiofi gives a continuous discharge, the phosphorescence is not 
iro -en up into separate patches by a niagnetio or an electric field. 

If the induction coil is provided with a mercury break run at a 

ui a e speed the cathode rays are surprisingly^ homogeneous If 

a capacity of the order of -001 microfarad is'in parallel with the 

scharge the great majority of the rays lie within a range of 
'energy of about ± 3 per cent. 

Path of the Cathode Rags in the Discharge Tahr. 

electr*^'" ^leflected by an electric force; thus, as the 

^ very intense in the Crookes’ liark sjiace, lli<“ rityii a.s 
str^ ht^^ through this space will, unless tlie liui's of force in it are 
plan^ (this is approximately the case wlien the eatiiodi' i.s a large 
JSc), be deflected and their paths will not coincide with tie- 

1 Birkeland, Comptcs Jt-.iuhis. f.wiii. p. *12. 

2 ‘Strutt, Phil. Marj. (.“>), xlviii. p. -ITk. 
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normals to the cathode at their point of projection. The amount of 
deflection of the path from this normal will depend mainly upon the 
rate at which the intensity of the electric field diminishes as we 
recede from the cathode; if, as in the case when the pressure is not 
very low, the field close to the cathode is very much more intense 
than that at some distance away from it, the electrons will acquire 
so much energy while still close to the cathode that they will not be 
much deflected by the comparatively feeble fields traversed by 
them during the rest of the journey; 
in this case the paths of the rays will 
be approximately the normals to the 
cathode, so that if the cathode is a 
hollow spherical bowl the rays will 
travel along the radii of the sphere 
and will be brought to a focus at its 
centre. If however the strength of 
the field only changes slowly as we 
recede from the cathode, we shall get 
much greater deviation than in the 
last case, for not only will the velocity 
they acquire while still close to the 
cathode be smaller, but also the 
deflecting force when they get away from the cathode "will be 
greater. The paths of the rays will now be no longer along the 
normals because of the deflecting force, nor will they, owing to 
the inertia of the electrons, be along the lines of force unless these 
are straight. The paths of the electrons will be between the normal 
and the lines of force; for example, in the case of the hollow 
bowl, the path will be between the normal CP and the line of 
force PQ (Fig. 4); thus, if the paths cross the axis of the bowl 
at all, they will do so at points on the far side of the centre. 
It is well known that when, as in the bulbs used for pro¬ 
ducing Rdntgen rays, a cathode of this kind is used, the ‘focus’ 
gets further from the cathode as the exhaustion is increased. 
Goldstein^, who made a series of beautiful experiments on the 
phosphorescent patterns produced by curved cathodes of different 
shapes, showed, by using an unsymmetrical cathode, that the rays 

1 Goldstein, II it’d. Ann. xv. p. 254, 1882. 



Fig. 4. 
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crossed when the pressure was comparatively high, but did not do 
so at very high exhaustions. The appearance of the cathode rays 
from a curved cathode is shown by the diagrams in Fig. 6, taken 
from a paper by Campbell Swinton^ ; it will be seen that this is very 
different from that which would result if the ra 3 '^s travelled along the 
normals to the cathode. 

We regard the cathode rays as originating from positive ions 
which were formed by the cathode Tuys themselves at a distance 
from the cathode. If however the 
path PQ of the cathode ray is curved 
(Fig. 5), and if the positive ion is 
produced at Q, then, in consequence 
of the difference in mass betw’een 
the positive and negative ions, the 
path of the positive ion up to the 
cathode will not be QP, but some 
other path such as QP '; thus the 
cathode rays produced at P will, when 
the paths are not straight lines, give 
rise to positive ions which will help 
to make cathode rays which start 
not from P but from some other 
point P\ 

The distance between the places Avhere the positive ions strike 

the cathode and the origin of the cathode ra^’' producing these ions 

will be greatest for the rays which start from near the boundary of 

the cathode, as these travel through the part of the electric field 

where the lines of force are most curved; there will thus not be many 

positive ions striking against the outer parts of the cathode, on this 

account the rate of emission of the cathode rays increases as we 

approach the centre of the cathode. On the other hand, if the cathode 

IS curved the electric force close to the cathode will be a minimum 

at the centre, so that on this account the ra\'s would be fewer along 

the axis. Taking both these effects into consideration, we should 

expect there would be a tendency for the rays to attain a maximum 

at some place intermediate between the centre and ed^e of the 
cathode. 

1 Campbell Swinton, Proc. Jtoy. Sor. Ixi. p. 79, 1897. 
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The observations of Campbell Swinton* establish the existence 
of such an effect; he found that with concave cathodes, when the 
pressure of the gas is within certain limits, the cathode rays do not 
form a solid pencil but are condensed into a hollow conical shell. 



Fii!. (i. 

He proved this by means of the phosphorescence produced by these 
rays on a carbon plate whose plane was at right angles to the axis 
of the cathode: tlie phosphorescent patch was a circular ring with, 
in some cases, a bright spot at the centre. The appearance of the 
phosphorescence is represmitod in Fig. 0. 

This hollowness of the bundle of cathode rays was found by 
Campbell Swinton to depend on the curvature of the cathode, it 
did not occur when this was plane. 


Tii’puh'sion of Cathodic Streams. 

Goldst(‘in^ found that when in a discharge tube there are two 
(-athodes connected together, the cathodic rays from one cathode 
are deflected when they pass through the dark space surrounding 
tli(‘ other cathode. 


1 

2 


(.’anipbell Swinton, Proc. liotj. Sor. Ixi. p. 70, 1897. 
(JoM.stoin, Pine ntite Form (ter dektrischen Absfossung. 
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One of Goldstein’s experiments was as follows: two cathodes 
were used, one a hollow metal cylinder a, from which a pencil of 
cathode rays issued, producing luminosity in the 
gas through which they travelled; the other 
cathode (6) was a wire at right angles to the axis 
of the bundle of rays proceeding from a ; when 
b was disconnected from a the path of the rays 
from a was straight, but when a and b were con¬ 
nected the cathode rays from a were bent sharply 
away when they approached b. Goldstein found 
that the amount of deflection did not depend on 
the material of which the cathodes wore made, 
nor on the nature of the gas through which the 
rays passed. The deflection ceased if the deflecting 
cathode was surrounded by a screen of some solid 
substance. 7. 

Another example of the deflection of two cathode streams is 
afforded by an experiment made by Crookes^; a and b (Fig. 8) 
are two metal discs, either or both of which can be made into 
cathodes; a diaphragm with two holes cut in it is i>laced in front 




Fig. 8. 

of these discs, and the path of the rays through the tube is marked 
out by the phosphorescence they excite in a chalked plate inclined 
at a small angle to their path. When a is the cathode and h is idle 
the rays travel along the path df, while when a is idle and b the 
catho<le they travel along ef. \\ hen, however, <i and h are cathodes 
simultaneously the paths of the rays are dg and eh respectivelv, the 
two streams having apparently repelled each other. Crookes attri¬ 
buted the divergence of the rays to the repulsion between the 
negative charges of electricity travelling along with them. E. Wiede¬ 
mann and Ebert^, however, by a modification of this experiment, 

1 Crookes, Phtl. Trans, clxx. p. 0o2, 187‘J. 

2 E. Wiedemann uiul Ebert. M'/tf/. xlvi. p. 1.58, 1802. 
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have shown that this is not the cause of the repulsion; they pro¬ 
vided the holes d and e with shutters, and found that when a and b 
were simultaneously cathodes eh was the path of the rays through 
e, whether the window at d was open or shut, although when it was 
shut there were of course no cathode rays travelling along dg to 
deflect those passing through d, showing that the deflection of the 
rays has its origin in the space between a and d. 

The effects we have been describing can all be explained by 
the electrostatic repulsion of the negative electricity travelling 
along the cathode rays, by the strong electric field which surrounds 
a cathode; this repulsion is apiueciable only when the rays from 
one cathode pass through the dark space of the deflecting cathode, 
because, as we shall see, the intensity of the electric field is very 
much greater in the dark space than it is at any other part of the 
discharge. We shall, on page 298, discuss a method of using this 
deflection of the cathode rays for measuring the strength of the 
electric field in the tube. 



CHAPTER II 


WAVE PROPERTIES OF CATHODE RAYS 


According to a general theory advanced by Prince L. 
de Broglie, any portion of matter of mass m moving with a velocity 
V would have associated with it waves of wave-length A = hjmv^ 
where h is Planck’s constant. Without its being necessary to con¬ 
sider the physical character of these waves, the theory predicts 
that the cathode rays would be associated with them in such a 
manner that the chance of the appearance of an electron in a given 
small region is proportional to the intensity of the waves at the 
place in question. Initially the waves must be supposed to be con¬ 
fined to the region from which the cathode rays originate, and as 
the cathode rays move forward the waves advance with a group 
velocity equal to the speed of the rays. The propagation of the 
waves is governed by a differential equation of the type usual in 
Avave motion and if, for example, a beam of cathode rays is limited 
by slits the waves associated wuth it will spread by diffraction 
after passing the slits just as would a beam of light of the same 
wave-length*. Actually it wouhl be very difficult to observe this 
spreading because of the smallness of the electron wave-length, 

.which is 10-« cm. for electrons of 150 volts and 10-» for cathode 
rays of 15,000 volts. 


The experiments we shall now tlescribe depend on the scattering 
of the electrons by the atoms of a crystal acting as a three-dimen¬ 
sional diffraction grating, as in the measurement of the wave-length 
of X-rays. A fiehl of force acts for electronic waves as a region 
of abnormal refractive index. Thus an electronic Avave Avill be 
scattered by an atom much as a Avave of light by a small Avater 
drop, the chief difference being that the atomic field has not got a 
sharp boundary, so that the refractive index changes continuously 

I This spreiiding is quite indepcmient of the mutual electrostatic repulsion of 
le rays. It would occur according to the theory, for a ‘beam’ containing a single 

electron to whichaloneindeedthistheorystrictlyapplies. When the mutual action 

o the electrons has to be considered the theory is greatly complicated. Fortunatdv 
ns etfect is quite negligible in the experiments with which we are concerned. 

TCEII 
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and not by a sudden j ump. Now if the atoms are regularly arranged, 
there may be certain directions in which the scattered wavelets will 
reinforce one another. In such places the resultant intensity of the 
wave will be large and so also the chance of the presence of an 
electron. We shall therefore have a concentration of the electrons 
into certain regions of space analogous to the concentration of 
light into a few directions, or spectra, by a diffraction grating. In 
addition to the diffracted beams there will also be the undeffected 
beam, which can of course be regarded as a spectrum of zero order. 
It must be regarded as a matter of chance in which beam any par¬ 
ticular electron will appear, and only if the experiment lasts long 
enough for a large number of electrons to pass through the appara¬ 
tus under sensibly identical conditions will it be possible to predict 
the distribution with certainty. Certainty in such an experiment 
depends on a statistical average, as it does in the kinetic theory of 

gases. 

The first experiments to show these effects were made by 
Davisson and Germer*, using a single crystal of nickel. A beam of 
electrons from a hot filament was incident normally on an octa¬ 
hedral face of the crystal under the most perfect vacuum conditions. 
A number of diffracted beams were detected by a small movable 
Faraday cybnder. The positions of the beams, both in azimuth 
and in distance from the normal, and their dependence on the speed 
of the electrons agreed, at least qualitatively, with what would have 
been found if X-rays had been used instead of electrons, and the 
wave-length taken from de Broglie’s formula A = lijmv. The agree¬ 
ment was not quite exact, though striking enough to leave no 
doubt of the truth of the explanation. Part of the discrepancies, 
which were of the order of 20 per cent., can be removed by sup¬ 
posing that the metal as a whole refracts the electronic waves in 
virtue of the potential difference between the inside and outside of 
the metal, and the values found for this quantity are in agreement 
with theoretical expectations (c. 15 volts). There are still, how¬ 
ever, some minor discrepancies outstanding which will probably be 
cleared up by a more rigorous investigation of the propagation of 
the waves in the metal, treated as a variable potential field. 


1 Davisson and Germer, Phys. Rev. xxx. p. 707, 1927. 
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With, ordinary cathode rays these discrepancies are hardly, if 
at all, detectable. For completeness the following outline of the 
simple theory is given. It is identical with that worked out by 
von Laue and Bragg for the analogous case of X-rays. 

A crystal may be defined as a solid whose structure repeats 
itself periodically in each of three dimensions. The smallest element 
from which the whole structure can be built by a mere process of 
repetition is called the ‘unit cell.’ This ‘unit cell’ can always be 
taken as a parallelepiped. If a number of these parallelepipeds are 
placed together so as to fill space, their corners form a three- 
dimensional array of points called the ‘crystal lattice.’ It is 



Fig. 0. 


immaterial what point of the repeating pattern i.s taken as 
representative of the unit, and the origin of the lattice is therefore 
entirely arbitrary. The cell corresponding to a given point lattice 
can be drawn in an infinite number of ways. The dotted lines in 
Fig. 9 show one way, other ways are indicated by the full lines. 
The unit cell has, necessarily, always the same volume, being the 
smallest volume from which the crystal can be built bv repetition. 

Directions parallel to a set of three intersecting edges are called 
the directions of the crystal axes, and the lengths of these e<lges are 
the lengths of the axes. Any possible natural surface of the crvstal 
passes through a set of lattice points called a ‘net plane,’ though 
wiany such net planes seldom or never occur as natural surfaces. 
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If th.e lengths of the axes are a, 6, c, then the equation of a net 
plane through points on the axes distant p, q and r units from some 
lattice point taken as origin is 


X q . z 

-h 'x -— ^ 

pa qb rc 


( 1 ). 


The axes are, of course, in general oblique. If a:' = xja^ y* = yjb, 
z' = z/c, the equation of the plane may be written 

qrx' + rpy* + pqz* = pqr. 

This may be reduced to hx' + jy' + kz' = an integer^ where h, j, k 
have no common factor. The integers (lijk) are known as the Miller 
indices of the set of planes parallel to the above. One of these 
planes is 

hx' ^ jr/ kz' = \ .(2). 


It is a known algebraical theorem that this equation has an 
infinite number of solutions in integers for all integral values of 
(hjk) prime to each other, negative integers being admitted. The 
set of planes 

hx' jy' + kz' = N .(3) 

clearly has also an infinite number of integral solutions in x', y', z', 
for all integral (and zero) iV, and planes for successive values of N 
are equally spaced. Now a point characterised by integral values 
of x' y y', z' is a lattice point, so that we have a set of equally spaced 


planes each passing through a doubly infinite set of lattice 
points, the plane through the origin being 

hx' -\-pf kz' = 0 .(4), 

and the next hx* + jy' + kz' = 1 or hxja + jyjb -t- kzjc = 1. Clearly 


if iV is not an integer, no integral values of x', y'^ z' can satisfy the 
equation. Equation (3) represents the complete set of planes in this 
direction. 


Diffraction. 

Each unit cell of the crystal lattice contains the same amount of 
matter similarly arranged. Suppose that plane waves fall upon the 
crystal and that, to take the simplest case first, each imit cell con¬ 
tains one particle capable of scattering the waves. We wish to 
determine in what directions, if any, the scattered waves will 
reinforce one another. We may draw the crystal lattice so that the 
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lattice points fall on any part of the pattern of which the crystal is 
formed. Choose the scattering points as in Fig. 10. The path 
difference between waves scattered from any two points A, Bis the 



Fig. 10. 


projection of AB on the direction of the incident rays less that on 
the direction of the scattered rays. Hence if the incident wave 
normal makes angles, oto, ft, yo» "'vith the axes, and we consider 
parallel rays scattered in a direction with angles a, ft y, the path 
difference between the rays from the scattering point at the 
origin and that from the point at (a, 0, 0) is a (cos Oo — cos a). 
Similarly the path differences for the rays from (0, 6, 0) and (0, 0, c) 
are h (cos ft — cos p) and c (cos y^ — cos y), respectively. The 
scattered rays are taken as j^arallel, because we shall be observing 
effects at a distance from the crystal very large compared with the 
distance apart of the atoms. 

The waves from a lattice point at {x'y*z') will agree with those 
from the origin in a direction a, /8, y, if, in the above notation, 

X a (cos ocq — cos a) + y'b (cos ft — cos -f- z'c (cos — cos y) 

= a;{cosao— cos «) + y (cos ft — cos ft + s (cos y^ — cos y) = 0. 

Now the condition that the rays scattered in a certain direction 
from a number of points in a plane illuminated by parallel light 
shall be in phase (path difference zero) is that the direction shall 
be that of the reflected ray as given by geometrical optics. This is 
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easily seen from the fact that Huygens’ construction gives the law 
of reflection by a plane. In fact, the equation of the above plane 
shows that every line in it makes equal angles with (oq, Vo) and 

(«. y)- 

The same will be true of any parallel plane, and the condition 

that the whole reinforce reduces to the condition that reflected 

waves from a series of parallel planes shall strengthen each other. 
This condition can easily be found. 

The equation of a plane containing points such that their 
scattered wavelets differ in path from the wavelet scattered at the 
origin by an integral multiple N of the wave-length A is 

X (cos ao — cos a) 4- y (cos — cos p) z (cos ~ cos y) = NX. 

If the axes are rectangular the perpendicular from the origin on 
this plane is 

d = __ A^A 

{2 (cos iXq — cos ct)}^ {2 — 2 2 (cos Oq cos 

= _ _ NX 

{2(1-cos 20)} 2sin0* 

where 20 is the angle between yo) and (a, p, y), i.e. 0 is the 

glancing angle of reflection. If this value of d is the spacing between 
a set of parallel planes containing scattering centres, all the wave¬ 
lets from these will be in phase in the direction {a, p, y). The 

condition 2d sin 0 = NX is known as Bragg’s law and N is called 
the order of the reflection. 

If. now, we have simultaneously 

a (cos Oo — cos a) = hNX, 
b (cos Pq — cos P) = jNX, 
c (cos yo — cos y) = A*iVA, 

where h, j, k and -V are integers, and A is the wave-length of the 
rays, then the diffracted rays, not merely from the four lattice points 
which we have considered but from all points of the crystal lattice, 
will be in phase. For we can proceed from the origin to any point 
of the lattice by a repetition of steps corresponding to the three 
axes and each of these steps is shovm by the above equations to 
involve a path difference of a whole number of wave-lengths. 
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The reflecting planes are now lix' -{-jy' -I- hz = an integer; on 
comparison with (4) we see that they are net planes whose Miller 
indices are submultiples of the numbers giving the path differences 
in wave-lengths between the origin and the adjacent lattice points. 
It is convenient to write Nh^ Nj, Xk = ?, m, n. 

If A is given and Oq, Pq, yo, there are three equations for a, y; 
but these last are not independent, being connected with the angles 
between the axes by an identical relation, e.g. if the axes are 
rectangular 

cos^ a -f- cos^ yS -h cos- y = 1. 

Thus, in general, there is no solution of the above equations and no 
diffracted beam with monochromatic waves. If, however, white 
light is used, a number of solutions become possible corresponding 
to different choices of the integers (Imn) provided always that wave¬ 
lengths are used less than «, 6, c. These solutions in the case of 
X-rays correspond to the well-known Laue patterns obtained when 
^white’ X-rays are passed through a single crystal and received on 
a photographic plate. 

For a cubic crystal d is the perpendicular from the origin on the 
plane hx + jy -f- kz = a, the cube side. Writing (bun) for N {^tjk), 
Bragg's law becomes 2a sin 9 = X^/l- n^. 

Sinicture Factor. 

So far we have considered only one scattering point in each 

unit cell. If there are many, or if there is a continuous distribution 

of scattering matter, the above analysis gives the coiidition that 

the wave scattered by any one point shall reinforce that from the 

corresponding point in the other unit cells. The scattered waves 

from the different points in each unit cell will interfere among 

themselves, reinforcing in some directions and tending to cancel 

in others. The resultant intensity will thus be the product of two 

factors, one of which has maxima, as found above, in directions 

<Ietermined l>y the crystal axes and tlie indices (Imn). The other 

depends on the grouping of the scattering matter in the unit cell. 

The second factor may cause the entire disapi)earance of some of 

the maxima and the weakening of others; but of course it can never 

cause a diffraction maximum izi a i)lace not given by the above 
formula. 
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Cubic Crystals. 

While there are comparatively few crystals whose unit cell is a 
cube, there are a large number which can be represented by equal 
rectangular axes, by a slight artifice. These are the crystals which 
belong to the body-centred and the face-centred cubic types. The 
lattices of these crystals are shown in Fig. 11 (6) and (c), together 
with the simple cubic lattice at (a). Take Fig, 11 (6): if we place at 
the centre of a simple cube, a point representing exactly the same 
atom or group of atoms as that represented by the points at the 
corners, we obtain a ‘body-centred cube.* A lattice made up of 


a b 

Fig- 11. 

these has twice as many points as a simple cubic lattice of the same 
size^ The cube is no longer the unit cell, for it contains two units. 
One way in which a true unit cell can be drawn is shown by the 
dotted lines (Fig. 11) but it is far more convenient to keep to the 
rectangular axes, though it means taking into account the inter¬ 
ference between the waves scattered by the two units in the cube. 
For example, take a plane perpendicular to one of the cubic axes. 
The spacing is no longer equal to the cube edge, but is halved, for 
other parallel planes can be drawn through the centres of the 
cubes; these contain the same density of points as the original 
ones. Hence all the odd orders of reflection from this plane will be 
destroyed by the interference of the waves from the two kinds of 
planes. In general, if Z, n are Laue numbers corresponding to a 
certain direction a, y, the path difference between rays from oppo¬ 
site points of a cube diagonal is (Z + w + n) A, and that between the 
origin and the centre of the cube is J (Z + w + n) A. Hence for the 

I Note that a point at the corner of a cube is shared by 8 cubes and counts A, 
similarly a point on an edge counts J and one on a face counts 
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centre points to be in phase with the others Z + m + w must be even. 
The other difEraction maxima will be destroyed by interference. 

Fig. 11 shows at (c) a face-centred cube formed by adding a 
group at the centre of each cube face. The cube now contains four 
groups, whose co-ordinates may be taken to be (0, 0, 0), (J, I , 0), 
i)> (ij 0, i)* The condition for phase agreement between 

these and the original point is ^, all integers. 

^ 2t 2t 

This implies that Z, w, n are all even or all odd. The first few 
possible sets are thus (1, 1, 1), (2, 0, 0), (2, 2, 0), (3, 1, 1), (2, 2, 2), 
( 4 , 0 , 0 ). 

^Powder'' Method. 

A method which has been used a great deal in the examination 
of metals by X-rays is the Hull-Debye-Scherrer method. If a sub¬ 
stance composed of a vast number of very small crystals orientated 
at random is irradiated bj'' monochromatic X-rays, some among the 



crystals will be set at such an angle that they are in the right 
attitude to reflect the X-rays from one particular face. If there are 
sufficient crystals reflections will be found from every possible face. 
The deviation of the rays from the direction of the original beam is 
2^, where 2d sin 6 — NX (Fig. 12). The diffracted rays thus form a 
series of cones round the incident beam as axis, one for each value 
of d. If a photographic plate is placed perpendicularly to the inci¬ 
dent beam, the intersections of these cones will give a j^attern of 
concentric circles on the plate. Each point on one of the circles is 
caused by a different fragment of crystal, and if the crystals are 
not sufficiently numerous or are not arranged entirely at random 
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witli regard to the direction of the incident rays, the circles may be 
incomplete and appear as a series of spots or as arcs varying in 
intensity. As in the case of the optical diffraction grating, high 
resolving power reqmres the co-operation of a large number of 
diffracting centres, and if the crystals are so small as only to contain 
a few atoms each, the rings will be broadened. Since the crystals 
are arranged at random, waves from one crystal will have no 
definite phase relation with those from another, and there will be 
no interference between them. 

Diffraction patterns of the ‘ powder * type were first obtained by 
the late Mr A. Reid' at Aberdeen using a film of celluloid through 
which passed a beam of cathode rays. The film must be thin enough 



Fig. 13. 


for only a small proportion of electrons to be scattered. Otherwise 
some will be scattered twice over and the pattern will be smudged. 
As the exact structure of celluloid was unknown, it was necessary 
in order to test the theory fully, to prepare thin films of some sub¬ 
stance of known crystal structure. It was found possible to make 
films of various metals of the order of thickness 10-» cm., first by 
thinning down metallic leaf in a suitable reagent, and later by 
spluttering the metal on to a basis of celluloid acetate and then 

dissolving this away in acetbne. The apparatus for the diffraction 
IS shown in Fig. 1.3. 


Cathode rays generated by an induction coil in the tube A 
passed through the fine tube B of bore -23 mm. and length 6 cms. 



PLATE I 



{fl) Platinum leaf showincr magnetic deflection. 



(e) Kikuctu's ‘L-pattern’ for mica. 
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and struck a film mounted at C, The iron tube shown shaded in 
Fig. 13 shielded B from magnetic effects. There was also a flat 
shield of soft iron round the neck between discharge tube and 
camera. The distance from C to the photographic plate D, when in 
position, was 32*5 cms., and D could be lowered in two stages by a 
magnetic release. This enabled two exposures to be taken on each 
plate, which was an advantage as it was difficult to estimate the 
best time of exposure to show up the pattern. At E was a vdllemite 
screen which could be used to examine the rays while the plate D was 
still in the upper part of the camera. The camera was exhausted 
to a low vacuum, the gas coming through the fine tube from A being 
removed by a three-stage mercury vapour pump. The voltage of 
the discharge was measured as carefully as possible by means of 
a spark gap between 4-cm. aluminium spheres. A preliminary 
^periment of deflecting the rays by a magnet on their path between 
and E showed that they were very nearly homogeneous, the spot 
on the plate deflecting as a whole except for a very faint tail. 

The exposures used were from a few seconds up to a few minutes, 
depending on the intensity and voltage of the cathode rays used. 

Specimens of early results ^vith gold, aluminium and celluloid are 
shown in Plate I. It will be seen that in all cases the general effect 
IS that of a series of concentric rings round the spot made by the 
undeflected beam. In some cases these rings are uniform round the 
circumference, in others the intensity is more or less concentrated 
m a series of spots on the circumference. It should be said at once 
at t ere can be no doubt that the whole pattern is due to cathode 
rays which have been deflected by the film. Thus in the absence of 
e m the central spot only is seen, and if a magnet is brought up 
e ween C and E (Fig. 13) the whole pattern is shifted together, 
n some cases, when bright enough, this can be seen by following 
e c anges in appearance of the willemite screen when a magnet is 
oug t near. In others, when the rings could not be seen on the 
screen, photographs were taken with a magnetic field between 

strong enough to move the central spot—which couhl always 
seen through a considercable distance. In all cases the pattern 
owe the spot at the centre of'the rings, showing that spot and 

gs ad been deflected together. They tliiis are dne to catliodc 
ays of appreciably the same velocity. 
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A later quantitative investigation^ showed that the agree¬ 
ment in velocity between the rays forming the rings and those in the 
central spot was exact to well within the experimental error, which 
was less than 1 per cent. The films in these experiments had 
numerous holes, so that the central spot was mostly formed by 
rays which had gone through without collision. The rings must 
therefore have been formed by electrons which had undergone 
elastic collisions only. Plate I, d shows a photograph taken in the 
course of this research. The two sets of rings were obtained by 
reversing a magnetic field which deflected the rays between the 
film and the photographic plate. The spot in the centre is the 

result of a short exposure without the field and gives the position 
of the undeflected beam. 


The general appearance of the rings immediately recalls that of 
the Hull-Debye-Scherrer X-ray rings in the case of gold, and a 
cross between these and a Laue pattern in the case of aluminium. 
It remains to see if the agreement is exact, and if so, if the value of 
the wave-length is that predicted by the de Broglie theory. Any 
diffraction pattern formed in directions making small angles with 
the original beam must fulfil the condition that its size is propor¬ 
tional to the wave-length causing it. It is easy to show^ that, if 
account is taken of relativity, 

A = \/l50/ePm/{I + eP/1200 mc^), 

where P as before is the potential through which the electron has 

been accelerated, measured in volts, and the first power of ePjmc^ 

IS retained. The correcting term never exceeds 3 per cent, in these 
exjieriments. 


It can be seen from the table opposite that any specified ring 

vanes in size with the voltage of the rays in the manner demanded 
by the theory. 

Ilupp3 has recently verified the law for velocities of the electrons 
comparable with that of light. 


1 Proc. Roif. Soc. cxix. p. 651 ff., 1928 

.2 


3 We have eP/300 = and A = ^%J1!AL=; eliminating « and 

W^o = 10-^ to the aeen.aey with 

3 Rupp, Anfi. der Phys, x. p. 927, 1931. 
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Aluminium 

1 

1 

j 

Gold 

Platinum 

1 

Voltage 

nvp 

Voltage 1 

dVp 

Voltage 

dVp 

21,800 

34,500 

45,000 

57,600 

64,000 

(359*) 

385 

385 

395 

385 

21,000 

33,700 

44,000 

55,000 

58,000 

(344*) 

377 

377 

379 

376 

18,200 

25.500 

34.500 
40,000 
45,000 

(378*) 

395 

420 

401 

413 

j Means 

387 

i 

I 

f 

1 

377 

i 

1 

407 


Celluloid 

1 ^ ■ — 

Lead 

1 

Voltage 

DVP 

Voltage 

dVp 

* 

Voltage 

1 

4 

DVp 1 

9,800 
11,500 
16,100 
, 16,800 

' 21,000 

1 1 

L 1 

! 185 

175 

189 

191 

190 

23,200 

30.500 
36,000 

42.500 
50,000 

193 

186 

193 

189 1 

195 

\ 

15,800 

18,100 

23.300 

27.300 
34,500 
42,000 

1 

194 

204 

198 

198 

200-5 

201 

Means 

\ 

nrkt^a 

A ^ _ _ * 

1 

1 

1 

189 

1 

1 

f 

109 


crystals of Tluminfum^T^ structure, such as the 
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pa.ra.ll6l to tlie surfa,C6 of the fi l ms, which were made from beaten 
metal. For this reason the (1, 1, 1) ring is absent, as these octa¬ 
hedral faces always made too large angles with the incident rays to 
allow of reflection. 

To show the agreement between the absolute sizes of the rings 
with those predicted with the theory, it is best to calculate the 
cube side for each metal from the rings assuming the theory to be 
true, and compare the mean value so found from a number of 
plates with that known from X-ray measurements. The table below 
shows that there is agreement within about 2 per cent. Where two 

cathode ray measurements are given they w-ere obtained with 
different apparatus. 


Size of the Unit Cube, a. 





Metal 


Measurements 


Aluminium 

Gold 

Platinum 

Lead 

Iron 

Silver* 

Copper* 

Tin (white)* 
spacing of (200) 


X 

•ray 


Cathode ray 

4-046 

X 

10- 

-8 

406 

X 

10-8 





4-00 

X 

10-8 

4-06 

X 

10- 

-8 

418 

X 

10“8 





3-99 

X 

10-8 

3-91 

X 

10- 

^8 

1 

1 

3-88 

X 

10-8 




1 

3-89 

X 

10-8 

4-92 

X 

10- 

-8 

! 4-99 

X 

10-8 

2-87 

X 

10- 

-8 

2-85 

X 

10-8 

4-079 

X 

10- 

-8 

4-11 

X 

10-8 

3 60 

X 

10- 

-8 

3-66 

X 

10-8 

2-91 

X 

10- 


2-86 

X 

10-8 


* Measurements by Ironside, Proc, Itoij. Soc. cxix. p. 668, 1928. 

As a rule an energy of over 10,000 volts is required to give rings 
1 metal films prepared in the above manner. Kupj}'. however 
aas got good rings with 150-300 volt electrons. His films were 

ere fl metal in vacuo. They aijparently vary 

^ their transparency. The technique of tliin films is 
new at troublesome and rather limits the substances whicli can 

I Rupp, An?i. der Phyja. Ixx.xv. p. 981, 1928. 
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be tested by electron difiraction. It has been found possible^ to 
get diffraction patterns by reflection from a suitable surface. 



The apparatus consists essentially of three parts shown dia- 
grammatically in Fig. 14. The first part, .4, is a discharge tube, 
operated by an induction coil with rectifying valve and condenser 
to steady the discharge. The cathode rays pass through a fine tube 
into the chamber B where they 
strike the target to be examined. 

This may be a transparent film or 
a bunch of fibres set in the beam of 
the rays, but is usually a flat solid 
surface from which the electrons 
are reflected. By means of a some¬ 
what elaborate mechanism three 
independent motions can be given 
to the target without disturbing 
the vacuum. It can be moved 

bodily in the direction AA' (Fig. 15) perpendicular to the beam of 
electrons; it can be rotated about an axis perpendicular to the 
paper; and finally, it can be rotated in itsjown plane, i,e. about BB'. 
The first adjustment enables the target to be placed correctly in 
the beam, which would otherwise be very difiBcult owing to the 
smallness of the angle (1°—3°). The second adjusts the angle of 
incidence, and the third alters the azimuth of the target to the 
rays, a point of importance when the target is a single crystal. 

After reflection from the target the rays pass into the camera C 
(Fig. 14) where they are received on a willemite screen and can be 
observed visually. For a permanent record, and to detect faint 

I G. P. Thomson, Proc. Roy, Soc. cxxviii. p. 649, 1930. 
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PLATE n 



(a) Diffraction by spluttered platinum, shoM'ing orientation of 

the small crystals. 



(b) Diffraction by single crystal of silver, cube^face. Incident 

ray along diagonal of cube face. 
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patterns, a photographic plate can be moved in front of the willemite 

screen by a rack and pinion device. The whole apparatus is tilted 

so that the main beam of electrons goes along the direction of the 

earth’s magnetic field. This saves the necessity of outside magnets 

to guide the beam through the fine tube. Exposures are of the 
order of 10 seconds. 

In many cases the reflection is apparent only. Thus a metal 
spluttered on to a solid background gives good rings of the metal, 
which sometimes show signs of orientation of the small crystals 
causing them. Probably the spluttered metal lies on the surface in 
small lumps through which the rays pass and within which they are 

diffracted. An example is shown in Plate II, a. With this apparatus 

a number of kinds of surface layer can be investigated, as, for 

example, those formed when a metal surface is oxidised or attacked 
by chemical reagents. 

Rupp' has shown that electrons are diffracted by a ruled 
gratmg just like X-rays of the same wave-length. 


Szngle Crystals. 

In the case of X-rays, a single crystal will not in general give a 

lef^rh contain a wide range of wave- 

lengths With monochromatic rays a strong diffracted beam is only 

suitably orientated to the incident beam. 

conditions are modified owing to the 
smallness of the wave-length compared with the spacing of the 
atoms, and the small penetrating power of the rays. 

Consider, for example, a beam incident on a single plane of 
atoms at an angle 0 (Fig. 16). It will be reflected according to the 

part of rihin'fil ®“^“> ^® it must be if the plane is 

atomfortie ^^velets from the top and bottom 

differ marke 11 T P^“®® directions which 

f=To“ and Numerically, if 

nf-ur: ii-i. 1 'w^dth of the beam is 4 x A beam 

width d spreads by diffraction over an angular width of the ord“ 

I Rupp, Zetts.f. Phys. Hi. p. g, 1929. 


tceii 


3 
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in circular measure ± A/fZ. For A = 7 x 10“^® cm., this gives ± ‘021 
which is comparable with 0. One condition which the difEracted 
beam would normally be expected to obey is thus largely removed. 
There remain the conditions that the wavelets from atoms in 
different rows should be in phase, but these can always be satisfied. 
The pattern will be that given by a plane grating of diffracting 
points representing the atoms at B, C, D (Fig. 17). Moreover, the 
deviation for a plane grating does not depend much on the angles 
of incidence and diffraction if both are small as they are here, and 



Fig. 1C. 


& 

2i 




Fig. 17. 


therefore the direction of the diffracted beams will not be appre¬ 
ciably affected if the direction of the crystal planes is not exactly 
the same everywhere. 

In some experiments on the diffraction of cathode rays by 
transmission through thin films of mica, Kikuchi' foimd patterns 
which can be explained on the above lines, though the explanation 
he gave at the time was somewhat different. He used the apparatus 
shown in Fig. 18. Cathode rays from the discharge tube A were 
made uniform in velocity by being deflected in a magnetic field 
through the slits The stray field between the slits was 

neutralised by subsidiary coils. The mica is placed at T and can 
be rotated about an axis perpendicularly to the paper by the groimd 
joint, G. It can also be moved in its own plane if required. The 

I Kikuchi, Proc. Imp. Jap. Acad. iv. pp, 271, 275. 354. 471. 1928; Japanese 
Journal of Physics, v. p. 83, 1928. 
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photographic plate is at P. The voltage used ranged from 10,000 
to 85,000. He determined the velocity of the rays from the current 
in the coils producing the magnetic field. This was calibrated in an 
original manner by replacing the mica by a thin aluminium film 

and observing the sizes of the electron diffraction rings for various 
currents in the coils. 

Three types of diffraction patterns were found, depending on 
the thickness of the mica film. The patterns with the thinnest 



slZs T- " ""‘-like pattern of 

S *" ‘kree sets of paraUel lines at 60= to each other 

which he called the ‘N-pattern.’ With films thick enough to 

(Plate I e) consisting of spots resembling Laue spots; there are 

is °mthJ '^ken the thickness 

thn I r- ‘ke ‘P-pattern’ which can be seen 

hardtap;:ar^e’d'"‘^“ """‘-1 

be Sutdtr'f :N-pattern’ was the same as would 

cules in a la ^ wo-dimensional gratmg composed of the mole- 

analysis. above 


3-2 
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A similar effect is found ^ by reflection from the etcbed face of 
a single crystal of silver or copper. The pattern in this case depends 
on the face of the crystal used, and on the orientation. For a simple 
face, and symmetrical orientation, a regular pattern is formed 
■which in all cases agrees with that to be expected from an arrange¬ 
ment of atoms similar to that in a plane normal to the rays. One 
must suppose the etched metal surface to be covered with a number 
of small pyramids through which the rays pass, or possibly the 
surface is pitted and the rays go through the wedge-shaped walls 
between the pits. In either case if the thickness of metal through 
which the rays actually go is small enough, the above considera¬ 
tions will hold and we should expect an extended pattern of the kind 
shown in PI. IT, 6; III, a. From the extent of the pattern a rough 
idea can be got of the average thickness of metals through which 
the rays go to form the pattern. It comes out as about I0~® cm. 

When a really smooth surface is used for reflection, such as a 
cleavage surface of rocksalt or a natural diamond face, there are 
never more than a few spots visible at once, and unless the setting 
of the crystal is correctly adjusted there may be none at all. 
Instead, the wiUemite screen is crossed by a number of bright 
lines which change rapidly in position as the crystal is turned. If 
a photograph is taken, black and white lines will be seen on the 
negative. These lines are similar to those first observed and ex¬ 
plained by Kikuchi for transmission through mica as part of his 
‘L-patterns.’ The black and white lines are parallel and any spots 
present lie on black lines at the feet of the perpendiculars from the 
undeflected spot. Kikuchi’s explanation, in the case of trans¬ 
mission, is as follows. When the electron beam enters the mica 
there will be a certain amount of scattering, in some cases without 
loss of energy and consequent change of wave-length. Those of the 
scattered rays which make the Bragg angle -with a crystal plane 
■will be selectively reflected. For example, in Fig. 19, the plane AB 
reflects to Q rays which otherwise would have gone to P. Con¬ 
versely A’B’ sends rays to P and robs Q. But the scattering for 
large angles is presumably less than for small. Hence Q on the 
whole gains and P loses, Q becomes a black line and P a white (on 
the negative). The angle between P and Q is 2^ and the distance 

I G. P. Thomson, Proc. R<yy, Soc. csxxiii. p. 1, 1931. 
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between a white and black line on the plate is 2Le = —where 

d is the spacing of the planes. If there is more than one order, N, of 
reflection, there will be several pairs of black and white lines.' Such 


are in fact observed, and Kikuchi was able from their spacing to 
assign indices to the planes causing the various lines and determine 


the orientation of the axes of the mica. The agreement was 
excellent. 


A similar explanation applies to the lines formed by reflection, 
first observed by Kikuchi for calcite. 



Fig. 19. 


One of us has studied them in the case of rocksalt, and they 
show up very well also from diamond. Even for these single 
crystals It IS found that spots occur when the conditions of the 
■simple theory are not rigorously fulfilled; there is a certain latitude 
allowed because the electrons only penetrate a short distance into 
the crystal, and only a small number of planes of atoms are effective 

case of rocksalt a rough 
calculation from the observed range of some of the spots gives a 

mean depth of penetration of 1-2 x 10-’ cm. This is, of course, at 
very oblique incidence; the normal penetration of the cathode rays 
used (c, 39,000 volts) would be much greater. 


Atomic Scattering Curve. 

"" specimen consists of a very large number of 
small crystals arranged at random, the relative intensities of the 
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difEerent rings in the diffraction pattern depend on several factors. 
For the case of small angle scattering, the linear density of electrons 
along the ring is proportional to E^pjO^. Here p is the number of 
planes which can give the reflection, e.g, 6 for the cube faces, 8 for 
the octahedral, 6 is the Bragg angle and ^ is a factor which gives 
the variation with scattering angle of the amplitude of the wavelet 
from a single atom. The factor 0^ in the denominator occurs partly 
because the larger the ring the greater the length over which the 



Fig. 20. 


electrons are spread, this would give a single factor d. The other 
comes from the increased range of reflection of the rays when the 
glancing angle is small. 

Experiments to find E have been made* with films of gold, the 
intensity of the rings was found by photometric measurements on 
the photographic plates, allowing for the blackening curves of the 
plates used. The results showed that E can be expressed as a 
function of (sin ^)/A. The points in Fig. 20 show the values found 
for E plotted against (sin^)/A, the unit for A being The 

variation of the atomic scattering with angle is more rapid for 
electrons than for X-rays, 


I 


G. P. Thomson, Proc. Hoy. Soc. 


cxxv. p. 352, 1929. 
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Theory of Atomic Scattering, 

To determine E theoretically it is necessary to know the equation 
of propagation of the waves. For electrons of speed small compared 
with that of light the equation is 


V20 -f- 


~W' 


(PF - F) ^ = 0, 


where W is the energy of an electron assumed constant and V is the 
potential energy (expressed as a fimction of the co-ordinates) which 
the electron would have at any point of space. 


The problem of the scattering of material waves was first 
solved by Born, but the method which follows is a modification of 
his work to suit this problem given by Mott He assumes that the 
wave inside the atom is not much disturbed by the scattering, and 
that the above wave equation applies with fixed F, so that the 
reaction of the electrons on the charges in the atom is neglected. It 
can then be shown that each point in the atom scatters a wavelet 


of amplitude 


27rw 

~W^ 


V (xyz) dx dy dz 


at a distance R from the centre of the atom, the amplitude of the 
wave at {xyz) being taken as unity. If F is greater than zero the 
wavelet starts with the same phase as that of the whole wave at 
{xyz) \ if F is less than zero it starts with opposite phase. The proof 
is as follows. It is a known result in the theory of differential 
equations that the most general solution of 


is 


(V2 ^ (^xyz) 


ill (xyz) = G (xyz) + jjj 


[iT - i' dx'dy’dz', 


* I I 

where r, r are the vectors from the origin to (xyz)^ (x'y'z') and 
O (xyz) is the general solution of (V^ G = 0. 

Schrodinger’s equation is of the above type, and k^ = § 7 T^mW/h^ 

so that 27Tlk is the "wave-length of the electron waves at a great 
distance from the atom. 

Therefore any solution must satisfy the ‘integral equation,’ 


0 = O (xyz) -I- 



giArlr-,'! 


47r.lJ; |r — r 


h^ 


. F {x'y'z')tf/{x'y'z')dx'dy'dz'. 


1 Mott, Proc. Roy. Roc. cxxvii. p. 658, 1930. 
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Now the solution which describes the scattering will consist of 
two parts, an incident wave and a scattered wave. For large r, the 
integral on the right tends to Ar-^ e***", where A depends on the direc¬ 
tion only. The integral therefore represents the scattered wave, 
and G must be chosen to represent an incident wave. Let G = c***. 
The form of the integral shows that, as we have said, the scattered 
wave is made up by the interference of wavelets scattered by each 
element of volume of amplitude 

(27rm/A^) V{xyz) iff{xyz) dxdydzjR. 

If the scattering is small, it is sufficient to take for iff the part due 
to the incident wave. The wavelets start with the phase of ifj and 


N B 



will interfere with one another. To calculate this interference, we 
assume that the atom has spherical symmetry. Wavelets from a 
shell between r and r dr will combine to form a wave with phase 
equal to that of a wavelet scattered from the orig in , as can be seen 
by combining in pairs the wavelets from portions of the shell at 
the opposite ends of diameters, li A, B are two such scattering 
portions, and if AB makes an angle 0 with the bisector of the angle 
between the incident and scattered rays, then the phase difference 
between the wavelets is 

.AB. I^cos — <f>l2 — -h cos ^ 


where ^ is the angle of scattering. 


- <f>l2 + 0 )] 


477 


= .AB .Gos 6 sin. <I>12, 
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The resultant amplitude of the wavelets is diminished by this 
phase difEerence by a factor cos cos 6 sin . The mean 

value of this factor for all pairs of points AB is 


ii' 


cos 


cos 6 sin <f>l2 sin 6 dO — 


sm /nr 

fxr 


where 


= ~ sin ^/2 


Hence the resultant amplitude for the whole atom is 


Srn^m 1*“^ sin 


n/xr , Stt^w Tcos ixr xr y v "I* 

_. V(r) . .2 ^ ^ • "J , 


STT^m 

Wr 


cos fjLT d , J 

Jo ^^ 


But V (r) .r tends to zero at infinity for a neutral atom, and to Ne^ 
at the origin where Ne is the nuclear charge. Hence the amplitude is 


STT^m TNe^ 

~ww\ 


h i (:=i^ - 

- IS? h- -1: “ i (r- «,] 


sm fxr 


Lir 


dr 


- a? h- -1: i ('• *] 

where aedr is the total electronic charge between r and r + dr. Now 
X-rays are scattered by the electronic charges in an atom, and the 
amplitude of the resultant wave is also changed by interference. 

The expression ordr gives the factor by which the amplitude 

exceeds that due to a single electron, and is denoted by F 
(Chap. VI). Hence the amplitude of the electronic wave is 

r cosec^ cf>/'2 , ,, 




Mott writes -■ = E. It will be noticed that the above result is 

equivalent to saying that each element of charge dp in the atom 
scatters a wavelet of amplitude e cosec^ ^/2. dpj'Zmv-R. To find 
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the intensity of scattering the wave amplitude is squared, and the 
chance of an electron being scattered in a small solid angle Bw is 


cosec^ 4>I2 

- 4 ^^^ - FT 


assuming n independent atoms in unit cross-section of the incident 
beam. This may be compared with the classical formula for 

scattering by a fixed charge, namely ^c°sec* ^/2 

4m^v^ 


The form of the function F can be calculated with fair approxi¬ 
mation and Fig. 20, p. 38, shows the extent of the agreement in 
the case of gold, the points being the experimental results and the 
full line [iV — F] cosec^ ^/2 in arbitrary units adjusted to fit at 
(sm0)/A = *19. The dotted line shows the result of appl 3 dng a 
correction for the heat motion of the atoms in the gold crystals. 

Mark and WierF have made similar measurements for gold, 
silver and aluminium. They also find good agreement with the 
theory. As the atomic number increases the curve becomes less 


I Mark and Wierl, Zeits,/. Phys, Ir. p. 741, 1930. 



CHAPTER III 


THE COLLISIONS OF ELECTRONS WITH GAS MOLECULES 

When a stream of electrons is moving through a gas we may 
regard the effect on each electron as the sum of the effects of 
collisions with individual molecules of the gas. As we have seen 
(Chap, ii) this is by no means the case when the electrons pass 
through a crystalline solid. From the point of view of Newtonian 
mechanics collisions between two bodies are divisible into two 
classes—elastic and inelastic—according as the total kinetic energy 
of the system is conserved or not. This distinction is preserved in 
the case of the collisions of electrons with matter, and it is con¬ 
venient to speak of elastic and inelastic collisions in this case also. 

In the case of elastic collisions a good deal of information can be 
derived from the laws of conservation of momentum and energy 



without knowledge of the mechanism of the collision. Let a particle 
of mass m moving with velocity V strike a particle of mass M at 
rest. Let the velocities after collision be V', U making angles i/s, <f> 
with F. Then it can easily be shown that 

F'/V — ifj ± — ni^ sin2 0 

^ M -h * 

there being two possible values of V' for any value of t/r for which 
sm 0 < M/m. The transference of energy to the particle M is 

ITLfTJz _ WF^ . _ 

^ ~ {M + wi)2 ^ ^ cos siu^ 

The most interesting cases are those in which m = M and ni -f M. 
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In the former V' — V cos tp, <f> ip = Trj^ and the transfer of 

energy is imV^ sin^ In the latter V'/V = j ^ _ + ^ cos ^ 

' M + m 


energy transfer isF^ ^ (1 — cos tp), there being no restriction on tp. 
Thus the maximum fraction transferred is AiinjM., 


The above treatment neglects any possible rotational kinetic 

energy of after collision, and this should be remembered in 

dealing with collisions of electrons with complex molecules, where 

one might expect there to be an appreciable chance of setting the 
molecule spinning. 


Transfer of Energy in Elastic Collisions, 

Experiment shows that if the relative velocity of the electron 
and molecule is less than a certain critical value, the transfer of 
energy in any one collision is small, being of the order of magnitude 
of m/M as given by the above expressions. It will be remembered 
that the kinetic energy of translation of a gas molecule at room 
temperature is only about *03 volt, while in the experiments to be 
described the energy of the electrons was several volts, thus the 
neglect of the initial velocity of the molecule is justified. 

Franck and Hertz* showed that electrons released from a hot 
wire and accelerated by an electric field could return against an 
almost equal potential after being deflected by collisions with 
helium atoms. In the case of hydrogen, and still more that of 
oxygen, the number returning was less than would be expected if 
the collisions of the kinetic theory were all elastic. This maybe 
attributed to the tendency of oxygen to form negative ions, and 
to impurities in the hydrogen having the same effect. These ex¬ 
periments were not adapted to any exact determination of the 
energy transfer between electrons and molecules. Such a deter¬ 
mination is difficult, partly because of the very small amount of 
energy transferred in each collision, only in the most favourable 
case of helium, and partly because the angular distribution of the 
scattered particles is only now becoming known. 

I Franck and Hertz, Verh. d. D. phys. Oes. xv. p. 373, 1913. 
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In a second experiment by Franck and Hertz * electrons 
released from the hot wire at a (Fig. 23) were accelerated to the wire 
gauze b and then retarded by a potential between b and c. The 
pressure was so chosen that many collisions would be made by an 
electron between a and 6, but so that a collision between b and c 
was unlikely. Measurements were taken with different distances 
between a and b. The variation of the current to c with the back 
potential b and c is shown in Fig. 24. The accelerating potential 



23. pjg 24. 


was 18 volts. The two full curves relate, (i) to measurements at 
•o mm. pressure with a distance between a and 6 of 4 mm., (ii) to 
the same pressure and a distance of 18 mm. The dotted’ curve 
shows the result to be expected if all the electrons had 17 volts 
energy and were moving irregularly in all directions. In this case 
of course those whose velocity is not normal to the plate c will be 
8 oppe y a back potential less than corresponds to their total 
energy. The differenee between 17 and 18 volts was considered to be 
due to contact potential difference. The hump at the high voltage 

I Franck and Hertz, Verh. d. D. phys. Gee. xv. p. 613. 1913. 
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end of tlie curve represents a slight persistence of velocities in the 

direction of the field. Compare this with the corresponding curves 

(Fig. 25) when the initial energy of 25 volts was too great for all 
the collisions to be elastic. 


One effect of the transfer of energy o*5 
is to make the energy of an electron 
moving in a gas less than corre¬ 
sponds to the measured potential by o*4 
an amount roughly proportional to 
the pressure of the gas, if this is not 
too large. This effect makes itself 
felt in experiments of the type de¬ 
scribed below in which critical poten¬ 
tials are found as breaks in a curve 
plotted with accelerating potential 
as abscissa. The breaks will occur at 
voltages in excess of the true critical 
values, the excess depending on the 
gas pressure. Franck and Jordan* 
calculate from some measurements 
by Benade and Compton that the 
average fractional loss of energy by 
an electron in collision with helium Fig. 26. 

ator^ is between 3 x 10-* and 8 x 10-. If it is supposed that the 

scattered electrons are equally distributed in aU directions the 
theoretical value is 2w/il/ = 2*9 x 10“^ 



If the velocity of the electrons is comparable with that of the 
gas molecules the theory must be modified. Clearly if the electrons 
had the equipartition energy there would be no average loss or 
gain. This case has been studied by Pidduck in connection with 
the experiments of Townsend and his co-workers (Vol. i. p. 147), 
He finds that A, the average fraction of its energy lost by an elec¬ 
tron m a ‘collision’ calculated as between elastic spheres is 

2m A 1\ , . . f 

W \^ ~ k)" '^l^ere k is the ratio of the mean kinetic energy of the 


I “Anregung von Quanteasprung durch Stosse’* {Hand, der Phys. sxiii. p. 661) 
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electrons to that of equipartition at the temperature of the gas, 
Townsend* gives the following table for helium; 


Zip 

k 

A X 10^ 

~(i~ 

M y 




X 10* 


0-013 

0-02 

0-05 

0-20 

i 1-0 

1-5 

2-5 

5-0 

1-77 i 

2-12 

3-68 

11-3 

53-0 

79-0 

124-0 

172-0 

1*3 1 

1*56 

1 

2-3 

2-55 

1 

2-4 

2-6 

3-4 

9-8 

1-19 

1-45 

1-99 

2-48 

2-68 

2-7 

2-72 

2-73 


The value of A is deduced from experiments on the spreading of a 

stream of electrons drawn by an electric field Z volts/cm. through 
a gas at a pressure p (mm.) (see Vol. i). 

In such experiments the velocity of the electrons is far from 

umform, but for the smaUer values of k the chance of an electron 

avmg more than the critical energy of about 20 volts is negligible 
In this range the agreement is good. 

Measurements with other gases are not precise enough to do 
more than show that the transfer of energy between electrons and 
molecules in slow colUsions is small. In the case of argon it comes 

out as less than which might possibly be due to the scattered 

£l7oausTd bv The distributed, but is perhaps more 

Kciy caused by the approximations assumed in the theorv For 

it 13 necessary to assume inelastic collisions^ ThoiifrVi tL ^ 

difficult to draw definite conclusionsTrtmt: elpS^"^^ 
WecHve Cross-section of Molecules for Elastic Collisions 

electroTsTiTTU^ZS^^^^^^ -ving 

distribution in an^le of the s ^“clude a determination of the 
several papers We Z particles. In the last year 

Before desLibing the cT dealing with this problem. 

been led, it s defirlbT to e "T 1^-- 

aesirable to consider a considerable group of papers 

» roc. Roy. Soc. Ixxxviii. p. 296, 1913. 
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whicli deal with the problem in a less complete manner, by measuring 
the diminution in intensity of a beam of electrons limited by slits, 
caused by introducing gas in the spaces between the slits. This 
work is associated with the name of Ramsauer*. In essence there 
is no difEerence between this type of experiment and the much earlier 
work on the ‘absorption’ of electrons of which Lenard was the 
pioneer. If a stream of electrons of intensity Iq passes through a 
gas in the direction of x increasing, its intensity at a distance x from 
the origin, as measured by the charge received by a Faraday 
cylinder, is 7 = The diminution of the number of electrons 

may be due either to their being so scattered as not to reach the 



Faraday cylinder, or to their becoming attached to a molecule of 
the gas, or to a complete loss of forward velocity. If we regard the 
removal of an electron as due to a single collision we can define an 
effective radius r for the gas molecules by the equation irr'^n = A, 
where n is the number of molecules per c.c. This question is best 
regarded merely as a definition of r, and will be used as such with¬ 
out necessarily implying that the removal of the electron takes 
place at a single collision. We should expect r to depend on the 
angular aperture of the Faraday cylinder and, of course, on the 
mean velocity of the electrons and the nature of the gas. In the 

I Ramsauer, An7i. der Phys. Ixiv. p. 513, 1921; Ixvi. p, 546, 1921: also Ramsauer 
and KoUath, Ann. der Phys. iii. p. 536, 1929; iv. p. 91, 1930. 
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recent work by this method due to Mayer ^ the electrons from the 
glowing filament G were accelerated to a known voltage through 
the slits B. The space H is filled with the gas and the electrons are 
received in the movable collector K. A potential applied to the 
wire gauzes E serves to exclude electrons which have lost more 



Fig. 27. 


Fir27 Th TT Ramsauer type of apparatus, 

acfeW;^ 1 Z by Ptoto-electric action and 

accelerated between Z and are bent in a circle by a uniform 

magnetic field perpendicular to the plane of the diagram Those 

r"f ‘5“ p'“ii 

b? coins-” deflected from their course 

by collisions in A, and are recorded as a current through E 

mentsMe val^Te^f measure^ 

^ f ° ^ foimd and r can be calculated This 

aS Normand Ramsauer, Bruche, Jones, Erode 

d Normand v,ith various modifications in the latter cases 

apparm"velocities. In his 
pparatus photo-electrons are accelerated from a small sphere by 

I Mayer, Ann. der Phya. Ixiv. p. 451, 1921. 

^ Ixxx. p. 707, 1926. 


4 



50 THE COLLISIONS OF ELECTRONS WITH GAS MOLECULES 

a radial field, and shot through fine radial tubes, the proportion 
getting through being measured. 

The most striking feature of the results is that in some cases, 
of which argon, krypton and xenon are the most marked, the 
value of r for energies near 1 volt is much less than the radius of the 
atom as found from the kinetic theory. This is known as the 
Ramsauer efiect. It occurs to a less marked extent with neon and 
not at all with helium, though the curve of A against electron velocity 
shows a flat maximum at about 4 volts. Brode found a well- 
marked but flat maximum for CH 4 . Figs. 28, 29, 30 are taken from 



Fig. 28. 

Normand’s* paper. The quantity a is Xjp and is expressed in square 
centimetres per cubic centimetre of the gas at 0° C. and a pressure 
of 1 mm. of mercury. The value to be expected from the kinetic 
theory is about that actually found at the highest voltage plotted 
(64 volts). Brode^ has investigated the case of some metallic 
vapours, zinc, cadmium and mercury, and the alkalis. The results 

1 Normand, Phys. Rev. xxxv. p. 1219, 1930. 

2 Brode, Proc. Roy. Soc. cix. p. 397, 1925; cxxv. p. 134, 1929; Phya. Rev. xxxiv 
p. 673, 1929; xxxv. p. 504, 1930; xxxvii. p. 570, 1931. 
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for the three former are shown in Fig. 31. Other authors have 
obtained results for mercury in fair agreement with his. 



VELOCITY IN x/VOLTS 

Fig. 31. The absorption coefficient a for electrons in cadmium, zinc and mercury 

vapours as a function of the velocities of the electrons. 

In general it may be said that the agreement between different 
experiments, and different methods such as Mayer’s and Ramsauer’s, 
is only moderately good. The differences appear larger than the 
errors of any one experimenter, which is not surprising since the 
allowable angle of scattering will depend on the sizes of the slits. 
Indeed the agreement such as it is suggests that small angles of 
scattering cannot occur very often. M. C. Green^ finds that a con¬ 
siderable variation in the aperture of the collector in an apparatus 
of the Mayer type makes no appreciable difierence to the value 
found for a. This result is contested by Palmer^ who finds a con¬ 
siderable variation in the apparent atomic cross-section of He and 
Hg with the size of the opening used to detect the electrons. 

1 Metta C. Green, Phys. Rev. xxxvi. p. 239, 1930. 

2 Palmer, Phys. Rev. xxxvii. p. 70, 1931. 
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Kollath^ has measured the number of electrons which are 
deflected into a small range of angle approximately normal to 
their original direction, and Zachmann^ has studied the spread of 
a beam of slow electrons in Hg and Ar; the results in both cases 
show a close similarity to the cross-section curves. 

At about the same time as Ramsauer, Townsend and Bailey^ 
published the first of a series of researches which led to very similar 
conclusions. They used the type of apparatus illustrated on 
p. 118 of VoL I, and some of their results are discussed on p. 148. 
Briefly, the method consisted in measuring the spread in a beam 
of electrons moving through a gas under an electric field, as indi¬ 
cated by the relative charges received by a central and by two 
side electrodes. A second experiment measures the mean sideways 
deflection in a magnetic field. From these two experiments Town¬ 
send deduces the average kinetic energy of the electrons under the 
field, as a multiple, of the energy of a molecule of the gas, 
and also the mean forward velocity W. From these quantities he 
can determine the mean free path of electrons with the energy in 
question, the mean free path being defined so as to correspond 
with a collision of such an average intensity that the electrons 
after it have zero mean velocity in their original direction. The 
results obtained by this method are in fair agreement with those 
of Ramsauer and other workers in so far as these agree among 
themselves; see Brose and Saayman4 for a comparison. 


Distribution in Angle of Scattered Electrons 


While the above results are suggestive, further progress can 
hardly be made until the distribution in angle of the scattered 
particles is examined. In the last year some important work has 
been done on these lines. Though the voltages are often so large 
that inelastic collisions become possible, the experimenters have 
tried to eliminate electrons wliich have suffered such collisions by 
applying a retarding potential to the scattered beam, and so only 
recording those electrons which have lost less than a known small 


1 

2 


3 

4 


Kollath, Ann. der Phya. Ixxxvii. p. 259, 1928. 
Zachmann, Ann. der Pkys. Ixxxiv. p. 20, 1927. 
Townsend and BaUcy, Phil. May. xlii. p. 873, 1921; 
Brose and Saayman, Ann. der Pkys. v. p. 797, 1930. 


.xliv. p. 1039, 


1922. 
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amount of their energy. In other cases the scattered electrons have 
been deflected by an electric or magnetic field and their distribu¬ 
tion in velocity determined. The results may thus be conveniently 
considered in this section. 

It is now established that moving electrons behave for many 
purposes like waves whose wave-length is given by the de Broglie 
expression A = himv, A scattering obstacle, such as a molecule, 
may thus be expected to give rise to a dififeaction pattern analogous 
to the haloes formed when light passes through a cloud of water 
drops of equal sizes. Arnot’s* experiments on mercury vapour 
confirm this conclusion. His apparatus is illustrated in Fig. 32 and 



Fig. 32, 


is typical of that used in this kind of experiment. Electrons from 
the hot filament F are accelerated through the slits to form 

a narrow beam which is scattered by gas in the chamber L. The 
scattered electrons pass through the slits and are recorded in 

the Faraday cylinder K. Potentials applied to 8^,8^, 8^ prevented 
the entrance of positive ions and of all electrons which had lost 
more than 3 volts energy. The angle of scattering could be altered 
by moving the electron ‘gun’ by means of a ground-glass joint. 

The angular distributions for the slower electrons are shown in 
Fig. 33. The ordinate is scattering per unit solid angle. Similar 

1 Arnot, Proc. Soc. cx.xx. p. 655, 1931. 





Current in units of 10’’amp. 
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curves were obtained for electrons from 80 to 800 volts. In general 
the maxima move into smaller angles as the energy of the electrons 
increases, corresponding to diminishing electronic wave-lengths; 
they eventually are merged in the central maximum and fresh 
ones appear at the edges. There are, however, exceptions to this 
law, especially for the slower electrons. Thus there is a maximum 
at about 110 ° from 30 to 54 volts. In a later paper Arnot* has ex¬ 
tended his experiments to the gases Xe, Kr, Ar, Ne, Hg, Ng, CH 4 
and CO. Curves similar to those found for mercury and having 
well-marked maxima were obtained for the first three. The others 
show less strongly marked features, but have maxima for the 
smaller voltages. The observations do not extend beyond 120°, 
and it is likely that there are maxima in the unexplored region. 
The inert gases show good agreement with Mott’s theory, p. 39, at 
the highest voltages (c. 800) where the curves show a steady fall 
mth increasing angle. 



Bullard and Massey^ have investigated argon by a similar 
method. This gas is especially interesting, as it shows such marked 
variations in cross-section when examined by the Ramsauer 
method. The experiments show well-marked humps on the 
scattering curves for 4—40 volt electrons like those found by 
Arnot. If the scattering per unit solid angle is multiplied by sin ^ 
we get relative values for the total scattering per unit angle of 
deviation. Curves for 4, 10 and 30 volts are shown in Fig. 34. 

1 Arnot, Proc. Hoy. Soc. cxxxiii. p. 615, 1931. 

2 Bullard and Massey. Proc. Hoy. Soc. cxxx. p. 579, 1931. 
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The ‘cross-section’ as found by Ramsauer depends on the total 
elastic scattering, namely the areas of the above curves, and also 
on the inelastic scattering for all angles. It is readily seen that the 
area of the curve for 10 volts is greater than that for 4 volts or 
30 volts, which is in accordance with the maximum cross-section 
found by Ramsauer at about 13 volts. A detailed comparison of 
the relation between total scattering and velocity shows good 
agreement with that found by Ramsauer, quite as good as is to be 
expected in view of the inclusion of inelastic collisions in the 
latter’s experiments. 

In their second paper Bullard and Massey* examine He, Ne, 
Ng, Hg and CH 4 , over a range of energy of 4 to 40 volts, while 
Arnot’s electrons had energies from 30 to 800 volts. When the 
number of electrons scattered per imit solid angle is plotted 
against the angle (as in Arnot’s experiments) these substances, 
unlike argon, do not show maxima, but if the current per unit 
angle of colatitude is taken, there is a single maximum not far 
from the middle of the range of angles studied (0-120°). Pearson 
and Arnquist^ have observed scattering in mercury vapour for 
electrons of 100 to 180 volts. The curves show maxima at certain 
angles. The elastic and inelastic collisions were not separated. 

In some recent papers Ramsauer and Kollath^ have made a 
detailed study of the elastic scattering with energies between 
about 1 volt and the first critical potential. They have investi¬ 
gated all the inert gases, and also CO, COg and Hg. All these gases 
show one or more directions of maximum scattering per unit solid 
angle in the range of energy studied, the directions changing with 
the voltage of the electrons used. As a rule, a maximum moves to 
a smaller angle as the voltage increases. The integrated scattering 
over all angles shows good agreement with the ‘cross-section’ as 
found by the older methods. 

Most of the other experimenters have not gone to sufficiently 
large angles to find maxima. Thus Dymond and Watson 4 for 

1 Bullard and Massey, Proc. Pay. Soc. cxxxiii. p. 636, 1931. 

2 Pearson and Arnquist, Phyfi. Rev. xxxvii. p. 970, 1931. 

3 Ramsauer and Kollatb, Ann. der Phys. xii. pp, 529, 837, 1932; Phr/s. Zcils. 
Jtxxii. p. 867, 1931. 

4 Dymond and Watson, Proc. Roy. Soc. cxxii. p. 571, 1929. 
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helium, Ham-well ^ for hydrogen (atomic and molecular), Arnot in 
an earlier paper ^ and jMcJVIillen 3 for helium and molecular hydrogen, 
all get monotonic curves of scattering against angles up to about 
60°. For the lowest energy examined (50 volts) the latter finds a 
rather flat maximum in argon, which otherwise resembles the rest. 
The slope of the curve is in all cases less steep than would be 
expected from the inverse square law of force using particle 
dynamics. 



Harnwell’s curve for hydrogen is shown in Fig. 35; curve C shows 
what it would be if the inverse square law held. There is no 
marked difference between the points ‘without discharge* when 

the gas was molecular hydrogen and those ‘with discharge* when 
it was largely atomic. 

1 Harnwell, Phi/s, Rev. xxxiv. p. 661, 1929. 

2 Arnot, Proc. Roy. Soc. cxxv. p. 660, 1929. 

3 McRIillen, Pkys. Rev. xx.xvi. p. 1034, 1930. 
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Comparison with Theory, 

The curves (Fig. 35) on -which the points lie are deduced, apart 
from an arbitrary scale factor, from a theory due to Born*; this 
neglects polarisation of the atom by the electron, and so is likely 
to be in error for slow electrons. The agreement is, however, 
excellent for the 180-volt electrons used by Harnwell. Born finds 
for \js(r) the intensity of the beam scattered in atomic hydrogen at 
a distance r and angle <f> the expression 

where 

sin ^/2, a — and Icq ~ 277 -/A = 27rmv/4. 

It may be mentioned that the scattering curve for electrons which 
lost energy in the collisions was steeper than that for the elastic 
collisions. Harnwell estimates that for 180-volt electrons out 
of 20 collisions, 9 are elastic and 5 of the remainder result in 
ionisations. McMillen*s curves for hydrogen are less steep than 
those of Harnwell. 


\ 2 (_ 2_+^2 
) (1 + ^ 0 ^)^^ 


Dymond and Watson’s results for helium are in excellent agree¬ 
ment with Mott’s theory, Fig. 36. They applied magnetic analysis 
to the scattered electrons, and found a sharp peak corresponding 
to the elastic collisions, separated by a gap of about 20 volts from 
that due to the inelastically scattered electrons. The majority of 
the collisions were elastic, but the proportion of inelastic increased 
with voltage. McMillen’s curves for helium are steeper than Dy- 
mond 8 though the voltage was less, and he found in general for all 
the gases investigated that the curves were steeper the higher the 
voltage. Arnot in his earlier paper found about equal numbers of 
elastic and inelastic collisions of 80-voIt electrons with mercury 
atoms. Here also the scattering curve for the inelastic collisions 


was somewhat the steeper, but the difference was less marked than 
for hydrogen. The elastic curve falls more steeply than in helium, 
as it should do on Mott’s theory, according to which the curve 
should be steeper the larger the atomic number of the scattering 

atom. 


I Born, Gottinger yachr, p. 146, 1926. 
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Fig. 36. 


We have seen that Bora*s theory as applied by Mott agrees 
excellently with experiments on the scattering of cathode rays by 
gold and aluminium, and of 210-voIt electrons by helium. For 
heavy atoms for which the Thomas distribution is a good approxi¬ 
mation, and probably for light atoms as well, it leads to a monotonic 
curve of scattering against angle, and so cannot be made to account 
for the maxima found by many observers for electrons of small 
energy. The theory is an approximate one. It regards the atom as a 
fixed field of potential by which the electronic waves are scattered 
and not as a system of movable electrons. There is a further mathe¬ 
matical approximation in the formulae actually used, which is 
equivalent to ignoring the distortion of the oncoming wave by 
the atomic field. The next stage in the approximation has been 
calculated for an atom of spherical symmetry by Faxen and Holts- 
niark^. The results show good agreement in the case of argon and 

I Faxen and Holtsmark, Zeils. f. Phys. xlv. p. 307. 1927. Holtsmark, ibid. 
xlviii. p. 231, 1928; Hi. p. 485, 1929; Iv. p. 437, 1929; Ixvi. p. 49, 1930. 











fVitr; 


(a) Diffraction by cube face of silver crystal 
cube edge along incident rav. 


(i) Diffraction of electrons by 
gaseous CCI4 (Wierl). 
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krypton witL, tb.6 cross-section as found, by the Jtamsauer method, 
and Bullard and Massey* find an agreement with their more 
detailed experiments which must be regarded as highly satisfactory 2 . 
Holtsmark has allowed to some extent for the distortion of the 
atom caused by the electron, but his method gives only a rough 
approximation to-this effect. Another very important point is the 
possibihty of interchange between the incident electrons and those 
of the atom. Massey and Mohr 3, following a method due to Oppen- 
heim, have calculated the effect of this exchange in the case of 
hydrogen and helium. The results apply also to the inelastic 
collisions associated with the excitation of spectral lines. There is 
fairly good agreement with Dymond’s and McMiUen’s results for 
inelastic scattering in hehum, and the calculated cross-section 
curve shows some resemblance to that observed. The calculated 
cross-section for hydrogen does not agree in the least with that 
observed by Normand, but it must be remembered that the cal¬ 
culations are for atomic hydrogen, and the experiments are on the 
gas in the moleculhr state, while the theory is even now onlv 

approximate. 


Scattering oj Cathode Rays in Gases. 

A very important paper by Wierl 4 on the scattering of electrons 
t>y gas molecules may with advantage be considered now, although 
e energy of the electrons was very high, 43,000 volts and more, 

fin 1 direct proof that the scattering was elastic. Wierl 

8 ^ if a fine beam of cathode rays is passed through a gas and 

ceived normally on a photographic plate, the plate when developed 

tbrJ* preferential scattering of the electrons 

rini.rf' certain angles (Plate III, b). These are like the diffraction 

electrons going through thin crystalline films 

of to the interference 

P 10 ns of the electronic wave scattered by the different atoms 

a Se'e'ria'!.''”'* Massey, Proc. Roy. Soc. cx.x.xui. p. G36, ly.Sl. 

1 <lillc.rent me"thoTof Ph'js. I.xx. p. 567, 1931, who use 

‘■xperimentson argo,?. “"d g<=t fib-ly good agreement with the 

4 cxxxii. p. 005, 1931. 

. Ann. der Phya. viii. p. 521, 1931; also ih. xiii. p. 453, 1932. 
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of the molecule, and the position and intensity of the rings will 
depend on the distances between the atoms and their relative 
scattering powers. Now if the collision is inelastic the wave-length 
of the electron will be changed, since it is inversely as the momentum, 
and we should not expect interference to occur between scattered 
wavelets from difEerent atoms which would be incoherent. We 
are thus entitled to suppose that the rings are due to elastically 
scattered electrons, though there is no doubt a background due to 
inelastic scattering. 

The theory can be given as follows. Let be the 

amplitudes of the wavelets scattering by the single atoms as 
functions of the angle of scattering <j>. Let A, JB the centres of 



any two atoms, let OA be the direction of the incident beam of 
electrons and AP that of the scattered beam imder consideration, 
let AE = AS = AB = d. The retardation of the scattered wavelet 
from A behind that from B is AM — AN = projection of AB on 
OA — projection of AB on AP = projection of AE on AB — pro¬ 
jection of AS on AB = projection of ES on AB = 2d cos 6 sin <f>/2, 
where 6 is the angle between AB and ES. Let us call this re¬ 
tardation ^ ri 2 i then the final amplitude is the closing side of the 
polygon whose sides are ^ 2 » > and external angles •••, etc. 
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We have 

+ cos 

i 11 

p^q 

from the geometry of the polygon. 

If we are dealing with a gas, the line AB will, for the different 
molecules, have all possible orientations to ^ 6 '. The mean value of 
cos r for varying 8 is 

j ^ cos sin ^ cos 8^. sin 8 ddJ^ sin 8 d8 = ^ 

where x = sia 9 ^/ 2 . 


Hence the scattered intensity is proportional to 


ft it 11 .* 

2 + 2 2 ^, 0 , 

1 1 i *^J>Q 

v-q 


If we neglect the variation of with <j>, maxima of scattering 

will occur when = 0 , 7*725, 14*006, 20*371, etc. These should 
therefore show as rings. Actually the diminution of ^ with 9 ^, 
which has been found from experiments on crystals (Chap, ii), 
shifts the maxima slightly. Assuming an expression for Wierl 
compares the observed curves with those calculated for the most 
probable arrangements of atoms in the molecules. The positions of 
the rings depend, of course, on the distances d of the various pairs 
of atoms. For symmetrical arrangements of atoms these will 
depend on one or two parameters fixing the size of the molecule. 
Wierl shows that these can be chosen so as to give good agreement 
between the observed positions of the maxima and those calculated 
from the above formula. The relative intensities of the rings are 
qualitatively correct. In this way Wierl is able not only to measure 
the size of the gas molecules, but also to discriminate between 


various arrangements which have been proijosed on chemical 

grounds. Thus he has been able to conclude that the carbon atom.s 

of benzene lie in a plane, while those of cyclohexane do not. A 

similar formula to the above would apply to the scattering from 

the different electrons of a single atom if these are at definite 

distances from one another. See J. J. Thomson, Enqineerimi 
cv. p. 234, 1918. 
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Critical Energies, 

As explained in tlie earlier editions of tliis book (see § 137, Vol. i), 
tbe idea of ionisation by collision leads at once to the conception 
of a critical energy; electrons having more energy than the critical 
being able to ionise an atom or molecule in a certain proportion of 
collisions, while those with less energy are quite unable to do so. 
As a measure of this critical energy we take the potential in volts 
through which the electrons must fall in order to acquire it. This 
is called the ionisation potential. We owe largely to Franck and 
Hertz the discovery that there are other critical energies less than 
that of ionisation. This result, which found an immediate inter¬ 
pretation in terms of Bohr’s theory of the atom, considerably 
complicates the problem of the measurement of ionisation potentials. 
These new critical energies are measured by the corresponding 
potentials, called ‘excitation potentials.’ There are many such 
potentials for each kind of atom. When an electron with more 
than the energy E corresponding to an excitation potential V 
strikes an atom there is a certain chance that the atom will be made 
to emit radiation of frequency v given by eV = E = hv, where h 
is Planck’s constant. This radiation is frequently in the ultra¬ 
violet, and is absorbed by the walls of the apparatus with the 
emission of electrons and consequent disturbance of the electrical 
measurements, unless special care is taken to avoid it. If the radia¬ 
tion is in the visible, or the apparatus is made of some substance 
transparent to the radiation, it becomes possible to observe the 
radiation directly and so test the equation. In other cases the 
evidence is indirect, and consists of the correspondence of the 
value of V calculated from F by the above equation, either with 
that of a known spectral line, or where this would lie in an im- 
explored region of the spectrum, with a line predicted as possible 
by the theory of spectra. It will be recalled that, according to the 
‘combination principle,’ the frequencies of spectral lines can be 
expressed each as the difference of two frequencies chosen from 
among a limited number of ‘terms.’ On Bohr’s theory each term 
corresponds to a state of the atom with energy h times the frequency 
of the term^. Thus if the terms are , the energies E^, E^, 

I In practical spectroscopy it is usual to divide the values of the terms as above 
defined by the velocity of light. This expresses them in Trave-numbers, t.c. waves perem. 
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E 2 are equal to hv^, etc. The frequencies of the observed lines 

are given by expressions of the form ^ ^ ^. Since only 

differences are involved we can take as zero of energy the state to 
which the atom returns when left to itself, the ‘normal’ state, and 
write = 0. Other states are called ‘ excited ’ states. The emission 
of a spectral line, e.g. v^— Vj, is regarded as indicating a transition 
between the states of energy E^ and E^, In the case when the 
second state is the normal one, the frequency of the line is E^jh. 
Thus the theory fits the facts of resonance radiation if it be supposed 
that an electron whose energy exceeds E^, can give exactly this 
amount of energy to the atom and raise it to an excited state. On 
this theory, if the potential of the electron just exceeds the first 
excitation potential, only one line will be emitted. If it exceeds the 
second there will be two possibilities. The atom may emit the whole 
energy in one quantum of frequency ^ 2 /^ il' iJ^^y emit two quanta 
of frequencies {E^ — E^ h and E^jh. For higher excitation potentials 
the possibilities become rapidly more numerous. However, many 
of these possibilities are excluded by the operation of ‘selection 
principles,’ which depend on the assignment of ‘quantum numbers’ 
to the various states. In many spectra the terms can be arranged 
in sequences’ approximately following a law of the type^ 

__ R _ R 

(/X + w)2 

Avhere n is an integer. In such cases the ionisation potential is 
where v^a is the limit of as n tends to infinity. Any com¬ 
binations of terms of the series, permitted by the selection principles, 
might appear in the process of recombination of the ion and electron. 


Experimental Methods. 

In all work of this kind the object is, first to produce a beam of 
electrons of known and uniform, but variable, velocity, then to 
direct it on to the gas to be examined in the purest possible state, 
and finally to detect the occurrence of inelastic collisions either by 
their retarding effect on the original electrons, or else by the radia- 

I The part is usually omitted in spectroscopic work and the sign changed, 

which is equivalent to taking the work required to ionise the atom from the state 
in question. 
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tion or ionisation which they cause. The two possible sources of 
electrons are thermionic and photo-electric, of which the former is 
the more usual. It has the advantage that it gives considerable 
currents, so that the detecting apparatus need not be very sensitive. 
A more important point is that the whole apparatus can be baked 
out after evacuation. This is usually not possible with a photo¬ 
electric source, as either ultra-violet light must be used requiring a 
quartz window, or one must use a metal with a low work function. 
Most of these have low boiling-points and if heated in vacuo will 
evaporate and deposit a conducting layer where it is not wanted. 
Simple apparatus, however, might be made entirely of quartz. 

The electrons emitted from a hot filament are not all of the 
same velocity. Though most are very slow, 1 per cent, have an 
energy exceeding -95 volt when the temperature is 2400®. This 
lack of imiformity makes the apparent voltage at which a parti¬ 
cular type of inelastic collision occurs rather indefinite. Another 
cause of lack of uniformity is the fall of potential along the heated 
strip if the heat is supplied directly by a current. A number of 
ingenious devices have been invented for avoiding or minimising 
this (see Franck and Jordan, Anregung von Quantensprilngen durch 
Stosse^ and Compton, Bulletin of National Research Council, No. 48, 
1924). The lower the temperature of the filament the less will be 
the variation in initial energy of the electrons, and the less danger 
there will be of the light from the filament producing disturbances 
by its photo-electric action. 

A very important point is the effect of space-charge. If the field 
is weak or the emission large the cxirrent will be limited by the 
space-charge (see Vol. i. p. 370). This effect is intensified by gas 
which hinders the motion of the electrons. In these circumstances 
the distribution of potential is quite different from what it would be 
if there were no emission. For example, the space between two 
wire gauzes connected together is not necessarily at a constant 
potential if electrons can diffuse into it and form a space-charge. 
The potential a short distance from a wire gauze may be quite 
different from that of the wire itself. Again, when the current is 
limited by the space-charge, the release of a few positive ions will 
greatly increase the current owing to their strong neutralising 
effect (Vol. I. p. 451). 
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The purity of the gas ia these experiments is a matter of the 
greatest importance. Very minute traces of impurities with low 
critical potentials, such as mercury, may completely mask the 
efEect of the gas under investigation. Since all solids tend to give 
off gas in a vacuum, especially if heated or bombarded by electrons, 
it is necessary to bake out the apparatus in a vacuum. The glass 
should be heated to near the softening point with the pumps going 
and metal parts should, if possible, be kept at a red heat for a con¬ 
siderable time, either by intense electron bombardment or by 
induced current from an induction furnace. Oreat care must be 
taken to remove mercury vapour from the pump by liquid air traps. 

The original apparatus of Franck and Hertz ^ for the detection 
of inelastic collisions is shown in Fig. 38. The electrons are ac¬ 
celerated from the filament F to the gauze G by a variable potential 





and retarded after passing through by a small potential of 
about *5 volt. Normally the current to P will increase with the 
emission from F not being saturated. If, however, just exceeds 
a critical value, some of the electrons will lose nearly all their 
energy before reaching G and will be stopped by the back potential. 
At first this will only occur close to G, but as is still further in¬ 
creased the electrons will reach the critical energy nearer to F and 
their chance of making an inelastic collision will increase. Thus the 
current will fall with increasing till F^ becomes equal to the 
critical energy plus the retarding potential, when it will rise again. 
There \vill be a further fall at twice the critical potential and so on. 
Fig. 39 shows a curve taken with mercury vapour. The distance 
between the maxima gives the resonance potential. This method 
eliminates uncertainties such as the initial distribution of electron 

I Franck and Hertz, Verh. d. D. phys. Ges. xvi. p. 10, 1914. 


5-2 
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energies and uncertainties of contact potential wliicli merely alter 
the zero of the volt scale. A slight possible error comes from the 
fact that the fluctuations are imposed on a curve of variable slope. 



The curve given shows only one critical potential, at 4*9 volts, 
actually there are many. This is because the pressure being large in 
relation to the field strength, the number of collisions which would be 
made while the electron was being accelerated from the first critical 
potential to the second would be enormous, and it was practically 
certain that one would be inelastic. Thus the electrons could never 
get appreciably more energy than corresponds to the first critical. 
By reducing the pressure it is possible ^ to bring out other excitation 
and ionisation potentials. The above method has the disadvantage 
that if the mean free path varies rapidly with the speed this in 
itself may cause kinhs in the curve. 

A refinement of the method is to use an extra wire gauze. The 
electrons are rapidly accelerated to and the field between 
and G 2 is weak. Thus most of the collisions occur with the same 

I Einsporn, Zeits.f. Phya. v. p. 208, 1921. 
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energy. In this way critical potentials close together can be re¬ 
solved and weak ones detected. Thus Franck and Einsporn * find 
a potential at 4*68 for mercury which corresponds to a transition 
between states forbidden by the spectroscopic selection principles. 
Although such transitions can be produced by electron impacts. 




the probability of occurrence is small compared with transitions 
such as that at 4*9 volts which corresponds to the strong mercury 
line A 2537. 

The same apparatus can be used with a different distribution 
of potentials to detect resonance collisions photo-electrically. For 
this purpose^ l^s is made larger than + V^. The principle is 
the same as that used in Lenard’s original experiments which were 
intended to measure ionisation potentials, but actually detected 
excitation. The current to is due to photo-electric emission only, 
until ionisation sets in. Fig. 41 shows results with mercury. It will 
be noticed that after each kink the curve rises steeply at first and 
then less so. This indicates that a resonance collision is most likely 
when the energy does not much exceed the critical. It is interesting 
that the 4*68 critical should show on this curve, since no radiatin" 
transitions between this level and the normal state have been 
observed. Since it cannot lose energy by radiation, an atom once in 
this state will remain so for a long time (‘metastable atom’), there 
will thus be plenty of opportunity for a second collision to occur 
which will bring it to a state from which radiation is possible. 
After a certain voltage there is a very rapid increase in current due 

I Franck and Einsporn, Zeils.f. Pkys. ii. p. 18, 1920. 
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to lomsation. The point at which this occurs is difficult to fix 

exactly, for the variation in the initial energy of the electrons 

allows a few to ionise before the applied voltage has reached the 
true critical value. 



Fig. 41. 

Dymond' has shown how to determine the kinks in the curves 
with more certainty than can be done by inspection. He super¬ 
poses a small alternating potential on the main one. If the curve is 

nearly straight this -vvill make little difference, but at a kink the 
effect is marked. 

The discrimination between ionisation and resonance potentials 

I Dymond, Proc. Hoy. Soc. cvii. p. 291, 1925. 
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was first made with real certainty by Davis and Goucher^. The 
apparatus is similar to that shown in Fig. 40, but there was a 
retarding field Vb between and Gx greater than F 4 , which stopped 
all primary electrons as in Lenard’s original arrangement. Between 
G^ and P is a field of about 2 volts whose direction can be reversed. 
If it is in a direction to stop the emission of electrons from P, the 
only source of current to P are electrons photo-electrically emitted 



from (t 2 , and positive ions which have received enough energv 
from the field between Gx and G^ to overcome that between 
and P. If P is negative to Gg, then in addition to the ionisation 
current there will be a photo-electric current from P. Fig. 42 shows 
the results with mercury. Resonance potentials are shown by the 
kinks at 4*9 and 6*7 volts, and ionisation at 10-4. With P positive 
the current reverses "when the number of ions is large enough to 
overcome the photo-electric emission from Gg. 

As in the previous methods, the sharpness of discrimination 
IS improved if the electrons are made to pass through most of their 
path at nearly constant velocity. This can be arranged by adding a 
third gauze G 3 between G^ and G 2 and making its potential slightly 
larger than that of Gx . The main retarding field is then concentrated 

1 Davis and Goucher, Pkijs. Rev. x. p. 101, 1917. 
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between 6^3 and It is possible for photo-electrons from I* and 
6^2 to be drawn into the region between and G^ and there accele¬ 
rated by the field . If this is greater than the first critical poten¬ 
tial, as it usually will be, there may be inelastic collisions which 
will give rise to spurious results. In order to avoid unknown 
quantities such as contact potential, it is common to determine a 
resonance potential by the method of Fig. 39 and use this to fix the 
zero of the volt scale. Alternatively the apparatus may be cali¬ 
brated with some gas whose critical potentials are known. Helium 
is often used for this purpose. Finally we may mention two in¬ 
genious arrangements due to Hertz one for resonance potentials 
and one for ionisation. 


n 


In the first (Fig. 43) he measures those electrons which have 
lost all but a small amount of energy. Such electrons will only be 
present when the original energy is near 
to a critical value or a multiple of one. 

The electrons are accelerated from the 
filament D through the gauze iV, into the 
vessel H. They diffuse through the gauze 
iV 2 on to the collector P. For each voltage 
between D and two readings of the 
current are taken, one with iVg and P con¬ 
nected, the other with P slightly negative 
to A^ 2 * The difference giv23 the number 
of electrons which have lost all but a small 
amount of energy, and when plotted against 

the accelerating voltage shows peaks at the criticals and their 
multiples or sums. 
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For ionisation potential measurements Hertz^ uses a develop¬ 
ment of an idea due to Langmuir, namely the detection of ions by 
their effect on the space-charge. Electrons are drawn from the 
filament into the box B, where they collide with the gas mole¬ 
cules. Inside B is another hot filament F^. A potential Vji, less 
than any critical potential of the gas, produces an electron current 
between and B limited by the space-charge. Thus any photo¬ 
electric emission from F^ which might be caused by inelastic 

1 Hertz, Zeits.f. Pkys. xviii. p. 307, 1923 

2 Ibid. 
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collisions has no efEect on the current. If, however, the potential 
between and B is enough to cause ionisation, the ions will partly 



Fig. 44. 


neutralise the space-charge, and the current from F 2 will be in¬ 
fluenced by the emission from F^. These two methods can be com¬ 
bined into a single apparatus by making B of gauze, inside a cylinder 
of sheet metal. If F 2 is cool the apparatus will give resonance 
potentials, while if it is glowing ionisation potentials can be 
measured. 


For measurements at a high temperature special apparatus is 
required. Fig. 45 shows the apparatus devised by Olmstead and 
Compton for measuring the critical potentials of atomic hydrogen. 
The tungsten tube T supported between iron blocks A and B 
could be heated by a current of 180 amperes to about 2800° K. at 
which temperature hydrogen is largely dissociated into atoms. 
The sphere C inside T, and covered with BaO and SrO, served as a 
source of electrons, being heated by radiation from T, The resonance 
radiation was detected by its photo-electric action on P, ions being 
prevented from reaching P by a set of vanes charged alternately 
positive and negative. Breaks in the curve of current against 
corresponded with the critical potentials calculated from Bohr’s 
theory of the hydrogen atom. 


Emission of Radiation. 

A very important test of the theory of radiation by quantum 
is the investigation of the light emitted by atoms when bombarded 
by electrons of known energy. The theory predicts that no radia- 
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tion should be emitted till the energy reaches that of the first 
critical when the frequency should be unless, indeed, this 

is one of the transitions forbidden by the spectroscopic selection 
principles, in which case there will be no radiation imtil the atoms 
are raised to the first state from which a downward transition is 
allowed. In general, as the higher excitation potentials are reached 
more and more lines should appear, until at ionisation the entire arc 
spectrum should be observed. Other spectra—‘spark spectra’— 
are emitted by atoms which have lost one or more electrons, and 
then been further disturbed to a state of higher energy. In some 
cases the arc spectrum contains lines due to transitions between 
states of the neutral atom wBrch are not members of the series that 
culminates in the lowest ionisation potential. In general there are 
many ionisation potentials of an atom corresponding to the removal 
of an electron from different levels. It is also possible for an electron 
to ionise an atom and put the ion left behind in an excited state. 

Gehrcke and Seeliger^ and Rau^ showed that a minimum 
potential was required to excite light, and that different lines re¬ 
quired different potentials, but the numerical values of the voltages 
were not in agreement with theory owing to space-charges distorting 
the field. 

Franck and Hertz 3 were able to show that the mercury line 2537 
was emitted as soon as the 4*9 volt critical was passed. From the 
equation A = c/i/ = c/i/e F we find that the wave-length in angstroms 
is 12344/F, where F is in volts. Thus A 2537 would require 4-87 volts, 
in good agreement with the observed value. The chief difficulty in 
this type of experiment is to get sufficient intensity without in¬ 
troducing such a high electron density that the field is distorted 
by space-charges. It is further desirable that the current density 
should be low enough to make it unlikely that an atom should 
suffer a second impact while still retaining the energy of the first. 
One device to avoid space-charge is to mix with the gas under 
investigation another with an ionisation potential below the re¬ 
sonance potential of the first. The ions formed will neutralise the 

1 Gehrcke and Sceliger, Verh. d. D, phijs. Gcs. xiv. pp. 335, 1023, 1912. 

2 Rau, Verh. phya.-med. Oes., Wurzburg, No. 2, p. 20, 1914; quoted by Franck 
and Jordan. See also McLennan and Henderson, Proc. Roy. Soc. xci. p. 485, 1915. 

3 Franck and Hertz, Verh. d. £>. phya. Ges. xvi. p. 512, 1914. 
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space-charge. Horton and Davies have used a magnetic field to 
concentrate the discharge and so brighten the light. The early 
experiments often seemed to show that after the emission of a 
smgle line at the first resonance potential, no further lines appeared 
till the whole arc spectrum flashed up at the ionisation potential. 
It IS now known that this was due to the effect of space-charge 
distortmg the field, so that the applied potential was reached in 
only a small fraction of the region observed. When ionisation 
begins the space-charge is largely neutralised, and the potential 
distribution closely approximates to what was intended. 

Under suitable conditions ^ it is possible to bring out the different 
lines of the arc spectrum stage by stage as the electron potential is 
gradually raised. As an example PI. Ill, shows this for potassium 
vapour excited by electrons of various voltages. 

Theoretically the lines of the spark spectrum, due to the singly 

ionised atom, should also appear step by step. This is more difficult 

to observe, because the lines corresponding to a return from the 

lower levels of the atom lie in the extreme ultra-violet where they 

are inaccessible to observation by ordinary methods. The differences 

between the energies required to excite the higher levels are not very 

large, while the whole potential is considerable, so that it is difficult 

to control the conditions with sufficient precision to bring out the 

lines step by step. Usually the spark spectrum appears as a whole 

when the potential for double ionisation is reached. This is with 

weak currents. If the current density is high the cumulative effect 

of successive impacts becomes important, and double ionisation 

can occur at the energy required to remove a second electron from 
the singly charged ion. 


Molecular Spectra, 

In the case of molecules the theory is more complicated. 
Firstly, there is often a difficulty in the interpretation of the ex¬ 
periments owing to the attachment of the electrons to the mole¬ 
cules to form negative ions. Secondly, the molecular spectra are 
band spectra and the energy differences are of three kinds due to 
rotation of the molecule as a whole, to oscillation of the atoms in 

P. P- —L 

2 Newman, PhU, Mafj. 1. p. 796, 1925. 
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the molecule, and to electron displacements. If only the first occur, 
the spectra are in the far infra-red, and the energy differences are 
too small to be detected by the ordinary methods. The possibility 
of altering the state of rotation of the molecule ought, however, to 
be taken into account in considering the effects of impacts. If 
atomic oscillations occur, without an electronic change, the spectra 
are in the near infra-red. The corresponding inelastic collisions do 
not appear to have been directly observed. Harries^, however, 
finds a loss of energy when electrons of 5-2 volts pass through 
nitrogen or carbon monoxide much in excess of that found for the 
inert gases, although it is known that electrons do not attach them¬ 
selves to molecules of either of the gases. The electrons were shot 
through a region of the gas kept at nearly constant potential, and 
through a gauze to a collector. Harries measured the decrease of 
current when a back potential was applied to the collector. He 
considers that the energy transference is a relatively rare process, 
and suggests that it involves the excitation of a quantum of 
oscillational energy. This would be *288 volts for Ng and *265 volts 
for CO. There would have to be one effective collision about every 
40 ordinary collisions for N 2 and about every 30 for CO. Baerwald^ 
has found similar energy losses in hydrogen. One would expect 
electronic impacts to be a very inefficient way of exciting these 
oscillations as, on classical dynamics, the electron can only transfer 
a very small part of its energy to an atom as a whole. It is suggested 
that part of the effect observed by Harries was due to an elastic 
collision of the electron with one of those which hold the molecule 

ogether. This might alter the balance of forces on the separate 
atoms and set them s^vinging. 

The ordinary bands in the visible region of the spectrum are the 
result of an eleclromc change in the molecule, which also involves 
changes m the oscillation and rotation energies. To each possible 
electronic change corresponds a system of bands. Each band of the 
system IS associated with a transition between particular states of 
osciUation, and the various lines of the band correspond to tran¬ 
sitions between different states of rotational energy. One would 
expect the system of critical potentials to correspond to that part 

1 Harries, Zeils.f. Phys. xlii. p. 26, 1927. 

2 Haerwald, Ann. d. Phys. Ixxvi. p. 829, 1925. 
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of the band system which can occur in absorption, i.e. for which 
the normal state of the molecule, with some reasonable amount of 
rotational energy, is the lower state. Since at room temperature 
many of the quantised rotational states are about equally probable 
there would be systems of bands, each band containing many 
lines. The lines would correspond to a ‘ fine structure ’ of the critical 
potentials which could not be resolved by any of the electrical 
methods in use. One would expect the vibrational energy, of the 
order of *25 volt, to show as a fine structure, but it does not appear 
to have been observed. 

Condon*, following a suggestion of Franck’s^, believes that the 
electron change leaves the distance between the atomic nuclei 
unchanged, but alters the law of force and the position of equi¬ 
librium between them. This in general would involve oscillations in 
the new molecule which would take energy in addition to that of 
the electron transfer. The critical energies would thus differ some¬ 
what from those corresponding to the electronic change only. As 
an example of the agreement between the spectroscopic and elec¬ 
trical measurements we will take the case of CO for which the 
oscillational energy is probably small. In the table Vq shows the 
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critical potentials observed, those marked S being detected by 
the emission of radiation observed spectroscopically. The values 
of Fc are calculated from the spectra by finding the energies of the 
electron transitions in the corresponding bands reckoning from the 
normal state of the molecule as zero. The bands corresponding 
to the higher potentials have one of the excited states a, b or the 
ionised molecule /, as their lower states. 

1 Condon, PAys. liev. xxviii. p. 1182, 1926. 

2 Franck, Trans. Faraday Soc. xxi. p. 438, 1926. 
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Ionisation by Successive Impacts, 

Both in the case of atoms and of molecules the system can be 
raised to one of the higher excited states by successive electronic 
impacts. Thus Miss Davies* foimd that the line A 4686 of the 
spectrum of ionised helium required 80 volts if the pressure and 
current density were low, but could be seen at 54-2 and even at 50*8 
imder conditions which were successively more favourable for 
repeated impacts. The first corresponds to double ionisation of the 
atom at a single collision, the second to further ionisation of an 
already singly ionised atom, and the third to excitation of such an 
atom to the state corresponding to the line. 

This often complicates the interpretation of the results, but in 
such cases the intensity of the light should vary as the square of 
the current density, while for single impacts it would of course vary 
as the first power of the current. 

In the case of mercury, Franck and Einsporn and also Pavlov 
and Sueva have observed criticals which cannot be explained by 
any kno^vn spectroscopic levels. In some cases they may be due to 
unstab e molecules, in others to transitions from a metastable 

er evel. Some may be due to experimental errors. Similar 
discrepancies occur for one or two of the other elements. 


Jyumencal Results, 

Tall^ International Critical 

Tables, gives a summary of the values found for the first critical 

and ionisation potentials of the elements and some compounds 

The calculated values are deduced from the values of the ^terms’ 
found by analysis of the spectra. 


1 

2 


Htv. 

ibid. 


Davies, Pmc. Roy. Hoc. c. p. 501), 19; 
I’avlov and Sueva, Zcits. f. Rhys, liv 
xxviii. p. 947, 1929; Morris, ibid, xx^ 
xxxvi. p. 214, 1930; ilaupt. ibid, xxx 


236, 1929. See also Lawrence, Phys. 
p. 447, 1928; Hughes and Van Atta, 
. p. 282, 1931. 
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First critical potential 


Ionisation potential 



V observed 

V calculated 
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4*66 metastable 
4*86 


0*30 0*27 


1*60 


2*70 


2*09 


Ne 16*65 16*60 


0*96 to 2*6 
1*55 

0-96 

4*01 


15*4 

1586* 

45*3t A++ 

11*5 

8*0 


6*01 

90 

3*9 

7*8 

5*80 


24*6 

78*8 He++ 
10*40 

19 Hg++ 


8*0 

6*3 

14*1 

4*1 

31*8 

13*3 

7*75 


K++ 


5*13 

44 ± 2 Na-+-+ 
21*5 


7*9 

4*1 

12*7 

6*04 

11*5 

9*3 


15*69 

15*86 


11-3 

6*09 

8*95 

3-88 

7*69 

5*97 


13*54 

24*48 

78*64 

10*31 

18*97 


5*76 

4*32 


7-61 

14*5 

5*12 


21*47 

21-57 

13*6 

7-38 

4-16 

6*08 

9*35 


Other criticals not 
corresponding to 
sx>ectra 


One critical not re¬ 
lated to known 
spectra 

Correct to ± *05 volt 


Other values knov-n 
not related tospec- 
trum 


Na++ from appear¬ 
ance of spectrum 


* Bartels, Zeits.f. Phys. xlvii. p. 61, 1928; and next pai>er. 
t Barton, Phys, Rev. sxv. p. 469, 1925. 
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Critical and ionisation potentials (for values derived from experiments 
involving measurements of m/e, see next paragraph) 


1 

1 

1 Molecules 

Ionisation 

Critical 

potential 

1 

Molecules 

4 

Ionisation 

Critical 

potential 

1 

Ha 

15*9 

10-8* 

NH 3 

11*1 


Hra 

12*8 

' 1 

CHCL 

11*5 

1 6*5 

CI 2 

13*2 

1 

HCN 

14*8 


I 2 

10*1 

2*3 

CH 4 

14*4 


1 Na 

16*7 

8*12 

C 2 N 2 

16*3 


Px 

13-3 

5*8 

CaHa 

12*3 


Sx 

12*2 

4*8 

C'aH, 

11*5 

1 

1 ^2 

J12-8I 

! 


12*8 


1 

(15*8f 


CftHe 

9*6 

6*0 

1 H.O 

13*2 

1 

C 4 H 10 O 

13*6 

6*6 

t/ HCl 

113*751 

1 

(ethyl ether) 



[23*5 f 

1 

C,H 8 

8*5 

6*2 

HBr 

13*25 


(toluene) 



HI 

1275 



10*0 

C*5 

HaS 

10*4 


(Xylene) 

1 





HgCla 

12*1 





ZnClg 

12*9 

1 



* Ionisation potential calculated from spectrum is about 15*3. 


Mass Sj>ectrum Method. 

In the case of molecules it is not as a rule obvious what products 
result from an ionising collision. We might get an ionised molecule 
or it might simultaneously dissociate, and in this case one could 
not tell a jyriori which atom would be charged. 

If the dissociation energy of the molecule is known from 
chemical or spectroscopic evidence, and also the ionisation poten¬ 
tials of the different atoms, one may be able to rule out some of the 
possibilities by consideration of the work which would have to be 
done to arrive at different final states. The best evidence, however, 
is given by measurement of the ratio e/m for the ions formed. 
Pioneer work on these lines was done by Dempster^ in 1916. He 
adapted the parabola method of positive ray analysis (Vol. i. p. 207) 
to examine the positive ions produced by the impact of 800-volt 
electrons on hydrogen. They consisted of H+, H 2 + and H 3 +, but 

I Dempster, Phil. Miuj. xxxi. p. 438, 1U16. 


TCEII 


6 



82 THE COLLISIONS OF ELECTRONS WITH GAS MOLECULES 

at very low pressTxre the first and last almost disappeared, showing 

that the primary act of ionisation is the formation of Ha"*" without 

dissociation, a result which has been confirmed by subsequent 
work. 



Fig. 46. 


A series of researches on these lines has been undertaken by 
Smyth His apparatus, which resembles that used by Dempster 
in the investigation of isotopes (Vol. i. p. 287) is shown in Fig. 46. 
Electrons from a filament F are accelerated by the field Fj through 

I Smyth, Proc. Roy. Soc. cii. p. 283, 1922; civ, p. 121, 1923; cv. p. 116, 1924. 
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the gauze E-^. Between and E 2 the gas is ionised and positive 
ions are draAvn through the slit by the field . These ions are 
accelerated by F 3 and some are selected by the slit ^ 3 . These are 
bent by a uniform magnetic field H normal to the plane of the paper 
into a circle, which if H is correctly adjusted passes through ^ 4 , so 
that the ions are recorded by the electrometer. It will be noted 
that the electrons in the ionising chamber will vary in energy from 
Fj to Fj F 2 and that the impacts with greater energy take place 



Fig. 47. 


m the upper part of the region between E, and . Ions formed 
here will have the energy + F 3 while those formed lower down 
will have less. If r is the radius of curvature of the ionic path and II 

et ZlTnn f 'It that 

. J L', current to the electrometer is plotted 

gainst /I or V (the other being constant) peaks will occur for every 

value of ,„/e among the ions. Results for nitrogen are shown in 

ig. 47. In practice the peaks are located roughly by varyinK V 

and then more exactly by varying II. The pressure between ,5, 

«> 

6-2 
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and is kept as low as possible. That between and E^ is higher, 
a few hundredths of a millimetre and variable, the pressure dif¬ 
ference being preserved by the pumps at B, C and D and the re¬ 
sistance of the slits S 2 , S 3 . Variation of the pressure is an 
important feature of the experiments as it helps to decide whether 
an ion is formed by direct impact of the electrons with the mole¬ 
cules of the gas to be investigated, or whether it is a secondary 
product due to the action of an ion on a molecule of the gas. The 
lower the pressure the stronger will be the primary ions compared 
to the secondary. The actual ionisation potential is given by the 
value of Vx for which the ion first appears. In practice there are 
considerable corrections, and it is usual to calibrate the apparatus 
by the use of some gas such as argon or mercury whose ionisation 
potential is known. Even so, the actual values of the ionisation 
potentials are probably not so accurate as those found by the other 
methods, but there is the enormous advantage that the nature of 
the ion is known. A possible error in interpretation is illustrated by 
the peak marked N++ in Fig. 47. It is probable that this is really 
due to ions which have dissociated into N"*" and N in the region 
between S 2 and S 3 . Such atoms would have half the momentum 
of the original ion and so require only half the value of The 
calculated mje would thus be a quarter of that for N 2 + giving a 
value of 7, the same as for N++. Similar disintegrations accoimt for 
the ‘beading’ on positive ray parabolas. The general conclusion of 
these experiments is that the lowest ionisation potential of a mole¬ 
cule corresponds to the simple removal of an electron without 
dissociation. Higher potentials are associated with the ionisation 
and dissociation of the molecule, or in some cases the molecule is 
ionised in such a way that its ion is in a state of abnormal energy. 
This may then react with a normal molecule to produce atomic ions. 
In general the majority of the ions are of the simple molecular type, 
and their relative number increases as a rule when the energy of the 
electrons is large. 

Hydrogeyi. At about 11*5 volts there is a critical shown by 
inelastic collisions and radiation. Near the same voltage there is 
dissociation, shown by pressure changes^. At 12-8 volts there 
appears to be a second critical point with more radiation, while at 

I Hughes and Skellet, Phys. JRev. xxx. p. 11, 1927. 
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15-9 volts comes the first ionisation potential with the production 
of H 2 + ions. These ions can react with normal molecules to produce 
H 3 + and H+; usually the former is in excess, but if the hydrogen is 
mixed with helium H+ becomes commoner. Ionisation with disso¬ 
ciation is reported^ at 18 volts, but other experimenters have not 
found this. A peculiar effect was found by Bleakney and investi¬ 
gated b}'’ Lozier^. At about 27 volts and upwards ions are formed 
which have sufficient kinetic energy to move against a field of a few 
volts. Their energy increases in a linear manner with the energy 
of the electrons. Bleakney suggests that if, for example, the two 
electrons w^ere removed simultaneously from a hydrogen molecule, 
the nuclei, on Franck s and Condon’s view, w'ould not at first move. 
Afterguards they would separate with considerable kinetic energy 
due to their mutual electrostatic repulsion. In the case of the 
singli/ ionised molecule one would not expect this on the classical 
view, but wave mechanics suggests a possible unstable state of the 
ion to which the molecule could be raised by electron impact, and 
which would result in a repulsion of the parts. Bleakney calculates 
that this should occur for electrons from about 27-40 volts, the pro¬ 
ducts of dissociation having 5-11 volts of energy each. For the 
double ionisation the transfer of energy from the ionising electron 
would be 45-56 volts and the kinetic energy of the nuclei 7-5-15 volts 
each. Lozier s measurements of the maximum energies of the ions 
for various energies of the incident electrons are in good numerical 
agreement with this theory. Ions are found with energies corre¬ 
sponding to both the above types of dissociation, i.e. into two nuclei 
and into a nucleus and neutral atom. The theory also predicts 
dissociation without ionisation at a lower voltage. The simple 
ionisation at 15-4 volts appears to be always the most common. 


Nitrogen. Smyth found 16-9 volts for simple ionisation to 
At 27-7 volts he found N+. Hogness and Lunn3 get N 2 + at 17 and 
N+ at 24. They consider that the latter is due to a secondary 
process and that at this voltage molecular ions are formed in an 
excited state which, on collision with a normal molecule, dissociate 
to form atomic ions. Kallmann and Rosen4 consider that both ions 

1 Bleakney, Pkys. Rev. xxxv. p. 1181, 19;J0. 

2 Lozier, Phys. Rev. xxxvi. p. 128o, 1930. 

3 Hogness and Lunn, Pkys. Rev. xxvi. p. 786, 1923. 

4 Kallmann and Rosen, Zeits.f. Pkys. Iviii. p. 52 , 1029. 
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are primary and that the variation of the ratio of the numbers of the 
two kinds which occurs with pressure is due to a preferential 
absorption of the N 2 + ions in the region of the magnetic field. There 
seems strong evidence for this view, which is supported by some 
experiments of Tate and Lozier^. They find that the ions formed 
by electrons of more than about 25 volts energy have considerable 
kinetic energy, which increases with the energy of the electrons. 
This suggests that the process is similar to that studied by Lozier 
in the case of hydrogen. By extrapolation to the case in which the 
ions have zero kinetic energy, the minimum electronic energy re¬ 
quired to produce the change Ng ^ N+ + N comes out as 22-9 volts. 
Taking the ionisation potential for the nitrogen atom as 14*5 volts 
Tate and Lozier deduce 8-4 volts for the energy of dissociation of 
the nitrogen molecule. Vaughan^ finds 15*8 and 24-5 volts for the 
two ionisation potentials, the first giving and the second N+. 

Oxygen. For this gas Hogness and Lxmn3 find O 2 + at 13 volts 
and 0 + at 20 volts, both as primary products of ionisation. Smyth 
(loc. cit.) found 15*5 volts for O 2 + and 23 volts for 0+. 

Iodine. Here difficulties began to come in owing to the disso¬ 
ciation of the iodine by the heated filament4. The ions 1+ and I 2 + 
both appear at 9*3 volts, the latter being the more numerous. 
The ions I 3 + and I++ also appear. It is suggested by the experi¬ 
menters that the molecule is ionised to an excited state near the 

dissociation limit, and that in some cases dissociation actually 
occurs. 

HCl. BartonS showed that, when care is taken to avoid re¬ 
actions with vapour and changes due to the hot filament, the 
primary ion in this gas was HC1+, formed at 13*3 volts. Owing to a 
chance agreement wdth the value calculated from energy considera¬ 
tions it had previously been supposed that the ion in this case was 
C1+. This does occur also, but is due to secondary effects. 

C'O. Here again^ the primary ion formed with the least expen- 

1 Tato and Lozier, Phys. Pev. xxxix. p. 254, 1932. 

2 Vaughan, Phtjs. Rev. xxxviii. p. 1687, 1931. 

3 Hogness and Lunn, Phys. Rev. xxvii. p. 732, 1926. 

4 Hogness and Harkncss, Phys. Rev. xxxii. p. 784, 1928. 

5 Barton, Phys. Rev. xxx. p. 614, 1927. 

6 Hogness and Harkness, Phys. Rev. xxxii. p. 936, 1928. 
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diture of energy, is the molecular one. This is also always present 
in the greatest number. It is formed at 13*9 volts. At this potential 
the ion C+ also appears, but there are good reasons for supposing 
that it is due to a reaction of the type C0+ + CO C+ + CO 2 which 
can occur with release of energy. Above 22*5 volts the ion C+ is 
produced by a primary process. This agrees with the value cal¬ 
culated from energy considerations for the change CO ->C+-f- O + e. 
The ion 0+ was found above 20 volts, but it is doubtful whether it 
is a direct product of ionisation of CO. It seems partly at least to 
be due to an impurity, but Kallmann and Rosen^ also find it. 

Vaughan^ confirms the values 13*9 for CO+ and 22-5 for C+ and 
also finds CO++ at 43 volts, which latter is interesting as being one 
of the rare cases in which a doubly charged molecule occurs. A 
doubly charged ion of this mass is also found among the positive 
rays (Vol. i. p. 274). Tate and Lozier^ find that the ions formed 
above 22 volts have kinetic energy; they conclude that the minimum 
energy required to produce the ionisation without kinetic energy 
would be 20*5 volts, and deduce 9*3 volts as the energy of disso¬ 
ciation of the molecule. 

NO. Hogness and Lunn4 have studied this gas. At 9 volts the 
ion NO+ appears, at 21 volts N+ and at 22 volts 0+, all apparently 
primary ions. As usual, the molecular ion predominates, giving 
at least 90 per cent, of the whole at the voltages studied. 

H 2 O. Barton and BartlettS find that water va 2 >our yields the 
ion H 2 O+ at 13 ± 1-5 volts as a primary ion. HO+ also occurs at 
about the same voltage, and H 3 O+ is present but faint. 

C// 4 . With this gas^ dissociation is important; thus, if an 
oxide coated filament is used as the source of electrons, only CH 4 + 
and CH 3 + appear at 14*5 volts and 15*5 volts respectively. With a 
tungsten filament (which of course has to be run much hotter) 
CH'*', C"^, and also appear 7, These are presumably 

1 Kallmann and Rosen, Zcits.f. Phya. Iviii. p. 52, 1929. 

2 Vauf?han. Phys. Rev. .x.xxviii. p. 1687, 1931. 

3 Tate and Lozier: Phys. Rev. xxxix. p. 254, 1932. See however Arnot, Xalure, 
April 23, 1932. 

4 Hogness and Lunn, Phya. Rev. xxx. p. 26, 1927. 

5 Barton and Bartlett, Phys. Rev. xxxi. p. 822, 1928. 

6 Hogness and Kvalnes, Phya. Rev. xxxii. p. 942, 1928. 

7 Conrad, Phya. Zeita. xxxi. p. 890, 1930. 
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due to thermal and chemical changes. The CH 4 + and CH 3 + ions 
appear in about equal numbers. 

This substance* yields primary ions of NH 3 + at 11*2 and 
at 12 volts. NH+ also appears at the first voltage, but is 
probably the result of interaction of NH 3 + with a normal molecule. 

H^S. This gives^ H 2 S+ at 11-1, HS+ at 17*6 and S+ at 16*5, all 
primary ions. 

CO 2 . Here3 the difficulties due to possible thermal dissociation 
of the gas by the filament become serious, in spite of attempts to 
minimise them by making the gas flow towards the filament. Thus 
two potentials are found for the C 0 + ion, of which one is possibly 
due to ionisation of CO. The main ionisation, as before, is to COg*^ 
which requires 14-4 volts. One of the potentials for CO+ is 20*4; 
this agrees with CO 2 CO+ 4 - O + e for which the calculated 
value is 19-9 volts. FromCOg ^ CO + 0+-f- e the value of 19-2 volts 
is calculated, taking the ionisation potential of O as 13-5 from 
spectroscopic evidence, actually O’^' is observed at 19-6. Again, C+ 
occurs at 28-3 volts while the equation CO 2 ^ C'*' + O + O + e 
requires 26*9 volts, taking 11'2 volts for the formation of C+ from C. 
The ion Og"^ is also observed, but Smyth and Stueckelberg consider 
it is due to secondary action. Kallmann and Rosen4 do not find 
it at low pressures. 

N 2 O. Here aIso5 there is much thermal dissociation. However, 
N 2 O+ occurs at about 13 volts. Other ions observed were NO+, 
N 2 +, 0+, N+. From considerations of energy of formation 
Smyth and Stueckelberg believe that JSTaO Ng 4 - 0+ -f- e occurs 
at 16-3 volts, N 2 O NO+ -f- N -f- e at 15-3 and N 2 O ^NO + N+ 4 -e 
at 21*4 volts. All these values are near the lowest possible values 
as calculated from energy considerations. 

NO^. This was mostly dissociated by the filament. NO 2 +occurs 

at about 11 volts. The process NOg ^ NO + 0+ -f- e is said to occur 
at 17-7 volts 5. 

1 Bartlett, Phys. Rev. xxxiii. p. 169, 1929. 

2 Ibid. 

3 Smyth and Stueckelberg, Phya. Rev. xxxvi. pp. 472, 478, 1930. 

4 Kallmann and Rosen, Zeits.f. Phys. Iviii. p. 52, 1929. 

5 Smyth and Stueckelberg, Phys. Rev. xxxvi. pp. 472, 478, 1930. 
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Multiply Charged Ions. 

The method of measxirement of wi/e is very suitable for deter¬ 
mining the voltages at which multiple ionisation of atoms occurs. 
It is important to work at a very low pressure^, so that ionisation 
by cumulative action is impossible. The following values have been 
found: 



+ e 

+ 2e 

+ 3e ! 

1 

+ 4c 

k 

+ 5e 

Ne 

21-5 

630 

1250 

1 

1 


A’*' 

15-7 

44-0 

88 

258 

<500 


15-2 

45-3 




Hgt 

(10-4) 

30 

71 

143 

225 

COX 

13-9 

43-0 

1 

1 

1 

1 

1 



* Bleakney, Phys. Rev. xxxvi. p. 1303, 1930. Barton, ibid. xxv. p. 452, 1925. 
t Bleakney, Pkys. Rev. xxxv. p. 139, 1930. 
i Vaughan, Pkys. Rev. xxxviii. p. 1687, 1931. 


The ratios of the energy required to remove successive charges to 
that required to remove the first are not very different for the 
different gases. 

The curves showing the variations with voltage in the yield of 
Ne^+ and of A^+ both show kinks which seem to indicate the 
appearance of alternative modes of ionisation at higher potentials 
than those given in the table, which are the lowest at which the 
ions can be formed. 

Negatively Charged Ions. 

Negatively charged hydrogen atoms have been observed by 
Lozier, and were of course early observed in the positive rays 
(Vol. I. p. 274). Vaughan® and Tate and Lozier^ have observed 
0“ ions from carbon monoxide. These have the peculiarity that 
they occur over a limited range of primary electronic energy from 
about 10 to 13 volts and again when the energy exceeds about 
22 volts. Since the lowe.st energy for the production of positive ions 
in this gas is about 14 volts, the former group must represent a 
process of dissociation in which the carbon atom is neutral and 
the oxygen keeps the electron. 

I c. 10~* mm. 2 Vaughan, Pkys. Rev. xxxviii. p. 1087, 1!»31. 

3 Tato and Lozier, Pkys. Rev. xxxix. p. 254, 1932. 
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Energy Losses. 

A method has been developed by Whiddington^ and others 
which may prove useful in the study of resonance potentials. 
A beam of electrons initially of constant energy is passed through 
a gas and then analysed by magnetic deflection. If inelastic 
collisions have occurred there will be groups of electrons with less 

and the energy loss can be measured. In 
the case of hydrogen the only detectable loss with electrons of over 
50 volts energy was one of 12*6 volts. This agrees with one of the 
chief electron transitions of the secondary spectrum of hydrogen 
allowing a probable amount for the energy of vibrations set up. At 
low velocities there was a variable loss of about 8 or 9 volts which 
may be connected with dissociation. In helium the critical at 
19*77 volts, corresponding to a transition to a triplet state, did not 
appear, and that at 20*55 was weak. A strong effect appeared at 
21*24, with some weaker lines at still higher voltages. Rudberg^ 
has used a similar method but with electric analysis. In the course 
of experiments on the angular distribution of scattered electrons, 
whose velocity was determined by magnetic deflection, Hughes and 
McMillen3 find energy losses in argon of 11*6 volts, the lowest 
excitation potential, and also a number of electrons which have 
lost an amount of energy about equal to the ionisation potential. 
This is interesting, as the other experimenters have not observed 
any well-marked group of electrons with this loss of energy. It 
must be remembered that the probability of ionisation is small 

slightly exceeds the critical 
value, and that the energy transferred may exceed that required 
for ionisation, the balance going as kinetic energy of the liberated 
electron. Both these causes will militate against the existence of a 
group of electrons corresponding to a loss of energy equal to the 
ionisation i^otential. 

1 Jones and Whiddington. Phil. p.889, 1928. Roberts and Whiddington, 

Proc. Leeds Phil. Soc. ii. pp. 12, 201; Phi:. Mag. xii. p. 962, 1931. 

2 Rudberg, Proc. Roy. Soc. cxxix. p. 628, 1930; cxxx. p. 182, 1930. 

3 Hughes and McMillen, Phys. Rev. xxxix. p. 585, 1932. 


when the energy of the electron only 


than the original energy, 
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Efficiency of Ionisation. 

From his early work on ionisation by collisions, Townsend* 
deduced that in the most favourable circumstances an electron 
could make about 20 ionising collisions per cm. of path in air at 
a pressure of 1 mm. More recent results show that this figure 
is too high but of the right order of magnitude. Durack^ was the 
first to measure the efficiency of ionisation by fast electrons. He 
found that cathode rays of about 7 x 10® cm./sec. velocity (cor¬ 
rected) produced *43 pairs of ions per cm. path at 1 mm. pressure, 
while ;S-rays gave only -17. Thus the fast electron is a relatively 
inefficient ioniser, and is less efficient the faster it goes. Glasson^ 
showed that the efficiency varied nearly as the inverse square of 
the velocity over a considerable range, being 1*5 pairs of ions per 
cm. at 4*8 x 10® cm./sec., a value considerably in excess of Durack’s. 
He used homogeneous rays selected from a beam deflected by a 
magneticfield. Eve4found *06 for the ^-rays from RaC. W. WilsonS, 
working with jfl-rays made homogeneous by selection from a mag¬ 
netically deflected beam, verified that the efficiency of ionisation is 
inversely as the square of the velocity over the range 1*35 x 10*® 
to 2*9 X 10*® cm./sec. 

Measurements of this quantity are difficult because of the danger 
of secondary electron emission from solid surfaces in the way of 
the main beam, and the difficulty of drawing the ions to the 
measuring system without disturbing the electron beam. They 
should be made at a sufficiently low pressure for secondary ionisa¬ 
tion by the electrons forced out of the atoms to be negligible. This 
was not the case in most of the earlier experiments. Even the most 
recent experiments do not give very consistent results, but they 
mostly agree in showing that for potentials V slightly in excess of 
the ionisation potential Fq, the yield of ions per electron per cm. of 
path is proportional to V — Fq^. At an energy corresponding to a 

1 Townsend, Phil. Mag. i. p. 198, 1901. 

2 Durack, Phil. Mag. iv. p. 29, 1902; v. p. ooO, 1903. 

3 Glasson, Phil. Mag. xxii. p. 647, 1911. 

4 Eve, Phil. Mag. xxii. p. 551, 1911. 

5 W. Wilson, Proc. Pog. Soc. Ixxxv. p. 240. 1911. 

6 Lawrence {Pkgs. Pev. xxviii. p. 947, 1926) and Haupt {ibid, xxxviii. p. 282, 
1931) arc of the opinion that this is not the case for mercury, and that tlie probability 
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potential of the order of 200 volts, but depending on the gas used, 
the yield has a maximum value, while at high energies it falls o£E 
approximately as the inverse square of the velocity as found by 
Glasson and Wilson. Of recent work may be mentioned that 
of Hughes and Klein*, of Compton and Van Voorhis^, of Jones^, 
of Bleakney4 and of Smith^. The last three authors used similar 
apparatus which seems the best devised so far. A beam of electrons 
from a hot filament is sent through the gas to be ionised and kept 
from spreading by a longitudinal magnetic field. The electrons are 



drawn to a collector by an electric field across the beam, and care 
is taken to absorb the main beam at the end in such a way as to 
prevent the emission of secondary electrons. Bleakney’s apparatus 
had an attachment by means of which the ions could be analysed 
electromagnetically and their ejm found. By finding the propor- 

at Vq is finite. In this vapour tliey find evidence for several extra ionisation 
potentials near the main one. 

1 Hughes and Klein, Phys. Pev. xxiii. p. 450, 1924. 

2 Compton and Van Voorhis, Phys. Rev. xxvi. p. 436, 1925; xxvii. p. 724, 1926. 

3 T. J. Jones, Phys. Rev. xxix. p. 822, 1927, 

4 Bleakney. Phys. Rev. xxxv. p. 139, 1930; xxxvi. p. 1303, 1930. 

5 P. T. Smith, Phys. Rev. xxxvi. p. 1293, 1930. Tate and Smith, Phys. Rev. 
xxxix, p. 270, 1932. 
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tions which each type of ion bore to the total it was possible to find 
the yield of the various multiply charged ions. Results for mercury 
are shown in Fig. 48. The maximum jdeld of Hg+ occurs at 50 volts, 
but the maximum value of the positive ion current due to all kinds 
of ions is at 75 volts (90 volts according to Jones). It should be 
remembered that even these curves do not necessarily give the true 
manner in which the yield of a single ionisation process varies with 
the energy of the electrons, for it is probable that for large energies 
there are several ways in which an electron can be detached. 



leaving the atom in different states. Fig. 49 shows Smith’s results 

for He, Ne, A together with some of those of Compton and Van 

Voorhis and of Hughes and Klein. The peculiar shape of the curve 

for A between 40 and 80 volts is due to the overlapping of the curves 

of A+ and A++ each of which separately is smooth, as shown in 

Fig. 50 taken from Bleakney’s paper. The latter used Smithes 

results for the total ionisation. Smith carried his results up to 

4500 volts; for the higher energies the yields were nearly inversely 
as the energy of the rays. 

The following values were found for some other gases by Compton 
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and Van Voorhis and by Tate and Smith^. Here Fmax is tbe 
voltage at wliich the maximiun yield occurs, and Vmax is the 



Actual number of ions, N, formed per electron per cm. per mm. pressure at 0®C. 

Fig. 50. 

number of positive ions per cm. at 1 mm. pressure and 0° C. (the 
quantity taken as ordinate in the above curves). 


1 

Compton and Van Voorhis 

Gas Hg Ng Hg HCI 

1 

Tate and Smith 

Hg CO Na NO O 2 CaHg 

130 175 100 130 

4-2 11-8 23-3 20-6 

66 102 100 105 120 80 

3-60 10-9 10-25 11-6 10-4 17-7 


The agreement in A^'max is fairly good but the values of Fmax 
show great discrepancies. The maximum is always very flat. 
There is a tendency for the yield to increase with the number of 
electrons in the gas. 

The following table from Reviews of Modern PhijsicSy ii. p. 127, 
gives some of the results of Compton and Van Voorhis in a con¬ 
venient form. It should be noticed that the temperature is taken 
as 28° and not 0° C. as in the above figures. 

I Tate and Smith, Phys. Rev. xxxix. p. 270, 1932. 
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Ionisation of Gases by Electron Impact. 

= miiumum ionising potential. 

/*(!) = probability that an electron with V volts energy will ionise a gas 
molecule in 1 cm. path at *01 mm. pressure at 28^ 

C = constant in equation P {V) = C {V ~ T\) which holds rather ac¬ 
curately in the range T', to 21', . 


Gas 

Vi 

i^(20) 

! P(30) 

P(50) P(IOO) 

1 P (300) 

C 

Hg 

volts 

10*39 

$ 

1 

j 067 

•146 

( 

■195 *213 

*193 

1 

1 00753 

He 

24*53 

' *000 

■002 

•009 016 

*018 

1 *00039 1 

Ne 

21*47 

•000 

*003 

•010 *026 

•035 

*00037 

A 

15*69 

•017 

*052 

•093 112 

•094 

*00365 


15*8 ± 

*006 

•021 

•033 038 

•032 

*00156 

1 

16-3 i 

•004 

*028 

•072 ; 101 

•101 

•00223 


* In the case of polyatomic gases the minimum ionising potential is not as 
sharply defined as in monatomic gases, because there is a probability that the 
molecule will suffer a change in nuclear separation simultaneously with its 
ionisation. 

Secondary Ionisation. 

C. T. R. Wilson’s experiments on the tracks of ionising particles 
(Vol. I. p. 334) afford a peculiarly clear insight into the nature of 
ionisation by fast electrons. By applying an electric field to the 
chamber shortly before the drops are formed it is possible to see 
separately the drops due to the positive and negative ions which 
often occur in pairs along the track (Plate II, Fig. 4, Vol. i). The 
method brings out clearly the difference between primary and 
secondary ionisation. It may happen that the electron released 
from a gas molecule has too little energy to ionise again. In this 
case we simply have a pair of drops. In other cases the electron 
comes off with considerable energy and forms one or more pairs 
of secondary ions. These then show as a cluster of drops near the 
original track. In extreme cases the electron acquires energy com¬ 
parable with that of the original ray. The track then becomes 
double or branched,’ as it is called. In favourable cases the ions of 
the groups can themselves be counted. Of 129 such groups 55 con¬ 
sisted of single pairs of ions, there were 29 groups of four ions, 16 of 
six, 13 of eight and 16 groups of more than eight ions^. With such a 

1 Compton and Van V’oorhis, Phys. Jlcv. xxvii. p. 724, ll)2U. 

2 C. T. li. Wilson, Proc. Hoy. Soc. civ. p. 102, 1023. 
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wide variation in the number of secondary ions, it is necessary to 
average over a great length of track before any definite meaning can 
be assigned to the phrase ‘ionisation per cm. of path.’ Logically 
indeed one should include the ionisation in a ‘ branch ’ as secondary 
ionisation, and it is not even possible to say which is the branch 
and which the continuation of the original track. Branches, how¬ 
ever, are rare and may for many purposes be ignored. From the 
measurements of six tracks Wilson found a ratio of 3*5 for the total 
number of ions to the number of primary ions. The variation be¬ 
tween individual tracks was large and this figure is therefore in¬ 
accurate, but he concludes that the total ionisation is between 
three and four times the primary ionisation for electrons of about 
10 ^® cm./sec. 

The primary ionisation could be found with greater accuracy, 
the value was 90 pairs per cm. in air at atmospheric pressure for a 
velocity of 10^® cm. per sec. and approximately inversely as the 
square of the velocity. This is a good deal less than Burack or 
Glasson found, but their measurements must have included most 
of the secondary ionisation. 

Some interesting measurements have been made by Hughes 
and McMillen ^ of the angular distribution of the secondary 
electrons produced in argon by primary electrons of 50-200 volts 
energy. They are in some cases strongly concentrated at certain 
angles to the direction of the primary beam, the distribution 
depending on the primar}-- voltage. Most of these electrons have 
energies of only a few volts. 

Theory of Ionisation. 

From the point of view of classical mechanics it is natural to 
regard the ionisation of a molecule by an electron as a collision 
between two particles, the moving electron and one of those in the 
molecule, in which sufficient energy is given to the latter to remove 
it entirely from the molecule. As this theory^ gives at least the 
order of magnitude of the effect, and also of the loss of energy of a 
charged particle moving through matter, without any adjustable 

1 Hughes and McMillen, Phys. liev. xxxix. p. 585, 1932. 

2 J. J. Thomson, Phil. May. xxiii. p. 449, 1912. 
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constant, it is desirable to give it here, if only as a standard which 
any new theory must beat to be worthy of consideration. As some 
of the results will be required later in the case of a-rays we will 
work it out generally for any moving charged particle. Let M be 
the mass of the ray, E its charge. Let its velocity at infinity before 
the collision be F, and let be the perpendicular distance from the 
scattering electron, supposed at rest, to the line of V. Let m, - e be 
the mass and charge of the scattering electron. During the collision 

the centre of gravity of A/, m moves with uniform velocity ^ 

. M. + m • 

Relative to the centre of gravity the particles describe hyperbolae. 

Let Fj, Pj, be the values of the initial velocity of M relative to 

the C.G., the perpendicular distance from the c.G. on this line, and 

the distance of JM from the c.G. at any time. The force acting on M 

is towards the c.G. and is Let 0 be the angle between 

the asymptotes of the trajectory of M relative to the c.G., then 

tan ^/2 = bja, the ratio of the axes of the hyperbola. By a property 

of the hyperbola, b ^ the perpendicular from the focus on the 

asymptote. Also Fi^ = where p is the acceleration of M at unit 
distance, or 

eE 

M (A/ ’ 


Hence 


tan 0/2 = Pi Fi7/4 = 


p V^niM 

eE~U\r-h m) ^ 


The total velocities of M after the collision parallel and 
dicular to F are 


perpen- 


iUF--mFcos0 , wFsin0 

--^nd ;-=-. 

M + m J\J jfi 

Hence the kinetic energy of M after the collision is 

1 P'2 

{Al cos 6»]. 

The transfer of energy Q is therefore 
(1 + cos 9) niM^V- 2/».l/2F-cos2d/2 


(M + m )2 


(M + rnf^ 

c /2 


2 e 2 £2 


{M + ?a)2 p2 ^12 -rq: 



TC Ell 


7 
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Also if iff is the angle of deviation of the path of M, 

. _ m sin 9 _ 2mpd 

M - mcos0~ {M -h m) {M - m) 

If ^ is the angle which the velocity of w makes with the original 
velocity 

tan <j> = sin 0/(1 -h cos 6 ) — tan 0/2 or ^ = 0/2 

The above calculation assumes that the electrons in the mole¬ 
cule are free to move. If the forces which hold them in place are so 
small that the free period of a small oscillation about an equi¬ 
librium position is large compared with the time which the ray 
takes to cross the molecule, the neglect of the forces is justified 
and the transfer of energy will be in accordance with the above 
formula (1). Thus the theory holds only for sufficiently fast particles. 


Write 



2^2 g2 

mF2 (p^ + d2) ^ 


then the chance / (Q) of a transfer of energy between Q and 
Q + hQ is the chance ^Trnphp that p shall lie between p and 
p + ^Pi n being the number of electrons in the molecules in a 


cubic centimetre. 


du2 

277- Tip .Bp = — TTil BQ — 27T 


7iE^e^ BQ 

mF2 ’Q2 



When m = M and e = E as in the case of collisions between 


electrons, 



where T is the kinetic energy of the ray. Now ionisation will only 
occur li Q> Jy where Jfe is the ionisation potential. Hence the 
number of ionising collisions per unit path is 


. ^ nE^ e2 (T dQ . nE^ [I 11 

^ ^ wF2 Jj Q2 277 

If T is large compared to the ionisation per cm. is 

, 2 iTn E^ e2 

mV^J . 




and does not depend on the mass of the ray but only on its charge 
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and speed. The above calculation is for particles at rest in the 
molecule. For moving electrons Williams^ finds 



'lirnEH^ (1 -h 2€/3«/) 



where e = the mean kinetic energy of the electrons. On Bohr’s 
theory of orbits e ~ J for the hydrogen atom, for other atoms it is 
in general somewhat greater than J. Thus the orbital motion 
would about double the ionisation to be expected. It will be noticed 
that the predicted ionisation is inversely as the square of the velocity 
when the energy of the ray is large compared with that of ionisation. 
This agrees with the results found by W. Wilson, Glasson, Smith 
and C. T. R. Wilson. For very fast electron relativity effects must 
be considered, but Bohr^ has shown that the above expressions in 
terms of the velocity V continue to hold for collisions for which d 
is small compared with p, i.e. those in which only a small fraction 
of the energy of the moving particle is transferred. For fast 
electrons these are the collisions which are important for ionisation. 
In spite of this, however, Williams and Terroux3 find that for fast 
^-particles the variation of I with speed is less rapid than on the 
above theory, being as for hydrogen and i for oxygen over a 
range from -5 to *97 of the velocity of light. They used the Wilson 
track method. The velocities of the electrons were found from the 
tracks themselves, which were produced in a magnetic field. The cur¬ 
vature was approximately uniform for these fast rays (from RaE) 
and could be found from the stereoscopic photographs of the tracks. 
Observations were made on 108 tracks in hydrogen and 72 tracks 
in oxygen. The results indicate that the ionisation reaches a definite 
limit as the speed of the rays approaches that of light, about 

22 primary ions/cm. for oxygen and 5-2 for hydrogen at atmo¬ 
spheric pressure. 


The theory predicts a maximum for the rate of ionisation at 
twice the ionisation potential. The experiments of Bleakney are 
the only ones available for testing this, since they alone give the 
rate of production of singly charged ions. The maximum is found 


r- Ixxi. p. 25, 1027. See aUo Thomas, Proc 

Camh. Phil. Soc. xxiii. p, 713, 1927. 

2 Bohr, Phil. Mag. xxx, p. 581, 1915. 

3 Williams and Terroux, Proc. Roy. Soc. cxxvi. p. 289, 1930. 


7-2 
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at a considerably larger voltage than predicted. Thus it is 50 volts 
for Hg+ whose ionisation potential is 10*4 volts. Part of the dif¬ 
ference may be due to the removal of electrons requiring more than 
the minimum ionisation potential. The theory predicts that the 
chance of ionisation should be proportional to the difference between 
the voltage of the electrons and the ionisation potential when 
this is small, a result confirmed by the experiments. 


In most cases the absolute values of the ionisation are more than 
those given by the uncorrected formula (5). Thus Smith found for 
helium at 4000 volts, I — *142 per cm. per mm. Taking 25 volts for 
each of the two helium electrons (5) gives *045. C. T. R, Wilson 
calculates that to fit his results for air it would be necessary to 
assume an ionisation potential of about 7 volts for all except the 
K electrons. This is of course much too low, the first ionisation 
potential for nitrogen being 16*7 volts and for oxygen 12*8 volts. 
The difference is about what would be accounted for by the orbital 
motion of the electrons. At the highest speeds the discrepancy is 
greater, if Williams and Terroux are correct. On certain assumptions 
as to the ionisation potentials of the various electrons, they find 
that the observed values of the ionisation near the speed of light 
are between five and six times those given by formula (5). This is 
much more than could be accounted for by the motion of the 
electrons. 


According to equation (3) the chance of an electron being expelled 
with a given excess energy decreases with that energy. This is in 
agreement with Wilson’s conclusion that the groups containing a 
large number of separate ions were rarer than those containing 
only a few. 


Measurements of the distribution in energy of the electrons 
ejected from gas molecules by cathode rays have been made by 
Ishino^. He determined the electrons which could reach a cylin¬ 
drical collector surrounding the beam of cathode rays against a 
variable electric field applied to concentric cylindrical gauze nets. 
These were required to exclude the positive ions. He found that the 
distribution was independent of the energy of the primary rays 
from 7000 to 15,000 volts. About 90 per cent, of the secondary 


I Ishino, Phil, Jday» xxxii. p. 202, 1016. 
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electrons had energies under 40 volts, while the remainder ranged 
up to 1000 volts. Over this latter range the number of electrons 
with more than x volts energy varied as for air and for 

hydrogen. According to the simple theory, the number of electrons 
whose energy after escape is more than x is proportional to 

dQ T-x~J 
T(x + J)' 

Over the above range T ^ x ^ J and the expression becomes 
in fairly good agreement with the experiments. 

If the energy of the ejected electron is more than about 1000 volts 
the track in a AVilson chamber will show a fork, one branch corre¬ 
sponding to the original electron and one to that ejected. It is 
theoretically impossible to tell which is which, but in measurements 
of the range of electrons by the AVilson method the electron with 
most energy, i.e. the longer track, is conventionally taken as the 
primary. AVilson made some measurements of the frequency of 
these forked tracks, or branches, as early as 1923, and more exten¬ 
sive experiments have recently been made by AVilliams ^ l{f(Q)dQ 
is the chance of a collision involving an energy transfer Q the chance 
of a branch on the classical theory is P (Q) ^ f (Q) f (T — Q) 
allowing for the uncertainty as to which branch is which. Hence 

1 . 1 ■ 

Q-^ {T- Q)\ ' 

On the wave mechanics, although the form of the expres.sion 
for scattering by a centre of force is the same as the classical, the 
result is modified when the particles, as here, are both of the same 
kind and so theoretically indistinguishable. The modification is of 
the same character as occurs in interference problems when the 
amplitudes of two wave trains are added instead of the intensities. 
Calculation shows that the number of branches to be expected on 
the wave theory is less than that on the classical, the ratio reaching 
2 for the longest branches. AVilliams’ results confirm the wave 
theory, as is seen from the table which is taken from his paper. 

I Williams, Proc. Rotf. Soc. cxxviii. p. 450, 1930. 


P(Q) = 


277 n 
mV^ 



102 THE COLLISIONS OF ELECTRONS WITH GAS MOLECULES 


Number of Branches produced by ^-particles loith 
20,000 volts energy in Nitrogen and Oxygen. 


1 

1 

« 

1 Energy of 
branch- 
electron 
(volts) 

Observed 
number of 
branches 

1 

Theoretical 
number 
according to 
classical 
theory 

Ratio of 
observed 
number to 
cletssical 
number 

1 

1 

Ratio of number 
according to 
quantum theory 
to classical 
number 

3000-5000 

' 89 

100 

0 89 dz 0-10 

0-78 

5000-10000 

1 

47 1 

78 

1 

* 

0-60 ± 0 07 

I 

0-59 


It is to be noticed that Wilson found that in some cases the 
momentum was apparently not conserved in a branch. In 30 per 
cent, of the collisions which gave branches of about 4000 volts 
energy in air using 20,000-volt electrons the deflection of the faster 
particle was much less than corresponded to the momentum of the 
branch electron. Williams suggests that the action here is analogous 
to a photo-electric emission and that the balance of momentum is 
taken up by the nucleus. Such branches would not come imder the 
above theory. Branches of large energy do not appear to show the 
effect, and for these therefore the theory should give the right 
answer. 


Total Ionisation, 

A quantity which has been much studied is the total ionisation, 
be. the ionisation caused when a fast electron is completely ab¬ 
sorbed in a gas, together with all the secondary radiations to which 
it gives rise. Included in these should be the X-rays which are 
emitted after one of the inner electrons has been removed by an 
electron impact. Wilson has shown that these X-rays, in the case 
of air, cause short tracks (‘sphere tracks’) near the line of the main 
beam. They are most common near the beginning or end of the 
main ray track. 

In experiments on total ionisation a beam of cathode rays of 
known energy is absorbed in an ionisation chamber containing 
gas, usually air, at a fairly high pressure. The saturation current is 
then measured. A subsidiary experiment measures the primary 
current and hence the number of electrons in the beam of rays. 
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It is found that the number of ions produced (or rather the 
number of unit charges which are separated) varies in a linear 
manner with the energy of the rays. The slope of the line when 
the two are plotted together gives the energy required to produce 
a pair of ions. This quantity is always greater than the minimum 
ionisation potential as measured by the Franck and Hertz method, 
but the values found by different workers vary greatly. An esti¬ 
mate of the same quantity has been made by C. T. R. Wilson from 
track measurements. From the lengths of the tracks of electrons 
of known initial energy, the loss of energy per cm. can be calculated 
at different parts of a track, and the number of ions can be counted. 
The difficulties, mentioned above, of giving a definite meaning to 
total ionisation per unit path, make the calculations rather rough 
and the method is not an accurate one. Since by far the greater 
part of the ionisation due to X-rays is secondary ionisation caused 
by the ejected electrons, it should be possible to find a value for 
the average work of ionisation by electrons by finding the total 
ionisation due to an X-ray beam of known energy. The chief 
difficulty here is to measure this energy (see p. 236). 

The following results have been obtained for air (see also 
p. 236): 


Author 

t Method 

Mean energy 
of electrons 
in k.v. 

Mean energy 
of ionisation 
in volts 

Wilson 

' Track 

. 22 

26 

Meitner 

1 

>> 

1 43 

45 

Johnson 

Electron absorption 

Up to 0*2 

36 

Lehmann and Osgood 


02-1 

45 

Buchanan 

99 

4-13 

31 

iSchmitz 

1 • ^ 

1 

1 99 99 

1-9 

45 

Eisl* ' 

1 ' 

99 99 1 

10-60 

32 

Kulenkampff 1 

X-rays ! 

7-22 

35 

Rump 

99 

28-100 

33 

Steonbeck 

9 9 

5-4, 8 

2S 

Gacrtncr 

99 

8-10 ! 

3(i 

Crowther and Bond 

1 

99 

160-20 

M 

42*5 

can 36-2 


Sisl, A.Tin.. (I. t*hys. iii. p. 2/7, 1029; from wliich th© above table is takoi), 
with the exception of the last line. 
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Ijeh-mann* lias extended iiis work to otker gases: 


Gas 

He 

A 


Ng (air) 

COa 

Mean energy of ionisation 

31 

33 

37 

45 

45 

»» ,, efficiency 

-78 

4 

•46 

■43 

' -38 

1 -32 


Tlie last line gives the quotient ionisation potential/mean energy of 
ionisation. 


One would expect the mean energy of ionisation to be consi¬ 
derably more than the ionisation potential. In the first place some 
energy ’will be used in inelastic collisions which result in optical 
excitation. A small fraction of the light from these collisions may 
cause the emission of photo-electrons from the walls of the ionisa¬ 
tion chamber, but the rest of the energy will be wasted. Actually 
it is generally found that the ions produced photo-electrically are 
^^gligihle. Secondly, some of the ionisation will probably be of such 
a character as to consume more than the minimum of energy, 
either because the atom is doubly ionised or because the atom is 
excited as well as ionised. In this case the difference of energy will 
be emitted as radiation, most of which will be absorbed by the 
walls. Thirdly, the secondary electrons will cease to ionise when 
they have still a good deal of energy left. This remaining energy 
will be gradually transferred to the molecules of the gas by elastic 
collisions and ultimately appear as heat. This is probably the most 
important effect for monatomic gases. Finally for compound mole¬ 
cules there is the possibility of dissociation accompanying the 
ionisation and absorbing energy. One would expect that the third 
cause would add something like 50 per cent, to the ionising potential, 
as the energies of the electrons when they cease to ionise would 
range from zero to just under the ionising potential, and there will 
be one such electron for every pair of ions formed. Fowler^ finds 
33 per cent, on certain assumptions. This is about the ratio found 
by Lehmann for helium, but not for argon (see p. 169). 

According to Bleakney multiple ionisation is commoner for 

1 Lehmann, Proc. Roy. Soc. cxv. p. 624, 1927. 

2 Fowler, Proc. Camh. Phil. Soc. xxi. p. 521, 1923. 
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argon than for helium; this may account for the difference, but the 
large differences found for air by different workers tend to throw 
doubt on all these measurements. 

Excitation Probabilities. 

Much less is known of the probability that an electron will put 
an atom into an excited state than of the corresponding ionisation 
probability. All the methods of measurement are indirect and 
hardly the order of magnitude is known. It seems established, 
however, that the probability is a maximum (for some lines at 
least) at not more than a fraction of a volt above the critical 
voltage, that it rapidly decreases for higher energies, and that the 
maximum probability is much less than that for ionisation. In 
some cases there seems to be a second maximum at a much larger 
energy. 

Atkinson*, from analysis of measurements by Townsend and 
McCallum on the diffusion of electrons in neon, finds a mean 
probability of about 5 per cent, over the range between the first 
critical voltage and the ionisation potential. This includes all 
kinds of excitation. Rather drastic assumptions have to be made 
in the calculations, and the result is only an estimate. 

Dymond^, 8poner3 and Glocklor^ have used the curves foiind 
in experiments of the Franck and Hertz inelastic impact type. 
8 ince the kinks in these curves, e.g. Fig. 39, are caused by e.xcitation 
it should be possible to deduce something about the frequency of 
excitation from their shape and sharpness. Dymond’s apparatus 
virtually gives the slope of the curve connecting the current to the 
plate with the retarding potential api^Iied to the latter. This is 
done by superposing on the small steady back potential a rapidiv 
reversing potential i The current through the galvanometer is 
reversed in phase with the potential. This rectifies that part of the 
current due to h while the main current alternates too (piickly to 
affect the galvanometer. The electrons make most of tiieir collisions 
in a part of the apparatus almost free from electric field. Let V be 

1 Atkin.son, Proc. Rot/. Roc. ox.\ii. p. 430, 1020. 

2 Dymond, Proc. Roy. Roc. cvii. p. 201, I02">. 

3 Sponer, Zeitft.f. Phys. vii. p. 185, 1021. 

4 Glockler, Phys. Rev. xxxiii. p. 175, 1020. 
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tlie accelerating potential, P {V) the fraction of electrons of energy 
V which make inelastic collisions in the field free space, p {u) du 
the number of electrons emitted from the hot filament with energies 
between u and u + du. Let the back potential vary between 

and S 2 , where h = ~ and ^ g 

^ 2i 

The current Ay actually measured by the galvanometer is due to 
those electrons whose final energies lie between 8 ^ and Sg* The 
value of V was taken near the critical Fq (19*77 volts) for the type 
of excitation studied, which was that from the normal state of 
helium to the lowest of the orthohelium (triplet) levels. Then 

rVo+Sz- r 

Ay = I P (F + w) p (w) du. 

J To -f i-r 

The value of h was *1 volt and 8 was usually considerably larger 
than this, so that approximately P (F + u) can be taken as constant 
over the range of integration and 

/•Ko+Sa-r 

Ay = P (Fp + S) p (u) du. 

j Fo+^l- y 

Measurements were taken for different values of S, and F was 
adjusted so that the limits of integration were constant. Hence 
P ( Fq + S) is proportional to Ay. Dymond found a sharp maximum 
for P at *25 volt above the critical; at *5 volt the efficiency had 
fallen to one-quarter of the maximum value. To find the absolute 
value of the probability it is necessary to know the number of 
collisions made by the electrons. In order to get enough effect to 
measure, the pressure has to be fairly high, and the calculation is a 
difficult one and somewhat uncertain. Dymond found about *001 
for the maximum probability, i.e. at -25 volt above the critical, one 
collision in a thousand is inelastic. The excitation in question is 
one which cannot be produced by optical absorption, the upper 
level being ‘ metastable,’ and it may be that the probability of its 
being caused by electron impact is also abnormally small. 

Glockler, working with the same helium transition, used a some¬ 
what similar method, except that the differentiation of the current- 
voltage curve was done graphically and not by the instrument. He 
deduced that the efficiency was slight except near the critical point, 
and had a maximum at *18 volt beyond it. The maximum efficiency 
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was estimated at *002. Sponer used the mercury line at 2537. Her 
results, corrected by Hertz* for the number of collisions made by 
the electrons, give an average efficiency of about 3 per cent, over a 
range of *5 volt. Measurements have been made by a nximber of 
workers of the emission of light under electron bombardment. We 
may mention a paper by Hanle^ who studied several hundred lines 
to find the ‘excitation function,’ the variation of the probability 
with the voltage of the electrons. He always finds a maximum, 
sometimes sharp and sometimes not. In helium the triplet lines 
show a much sharper maximum than the singlets. Lines with the 
same upper term have the same excitation function, while lines of 
the same series, with the same lower term, have similar functions 
shifted by an amount roughly corresponding to the difference in the 
upper term. The spark lines of mercury showed flat maxima round 
about 50 volts; this is to be expected, since they require the atom 
first to be ionised3. He estimates that roughly one collision in 300 
at 60 volts is effective in producing the mercury line 5461. lie was 
careful to work at low pressure and current density, but does not 
appear to have corrected for the variation of energy of the electrons. 

Relative values have been found by Michels4 for helium. He 

found sharp maxima at the excitation potentials, but appreciable 

probability of excitation at much larger voltages. He measured the 

light emitted when an electron beam passed through the gas, and 

at large voltages one cannot be sure that the light is not due to a 

return by stages from some higher level. The relative intensity of 

the maxima was greater for the triplet system (orthohelium) than 

for the singlet. Careful allowance was made in this experiment for 

the distribution of energy among the electrons due to the drop of 

potential along the filament. In a later paper on sodium, MichelsS 

finds that the probability is limited to a region of -2 volt at each 
critical voltage. 

The method referred to on p. 90 by which the energy losses of 
scattered electrons are measured gives .some information as to 

1 Hertz, Zeits,/. PInjM. xxxii. p. 305, 1025. 

2 Hanle, Phys. Zeit^. x.\x. p. OOl, 1020. 

3 See SchalTernicht, Zeits.f. P/,ffs. Ixii. p. lOG, 1030. 

4 Michels, Phijs. Pcv. xxxvi. p. 1302, 1930. 

5 Michels, Phijs. Rev. xxxviii. p. 712, 1031. 
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excitation probabilities. Well-defined peaks corresponding to a loss 
of energy equal to that required to excite an atom appear witli 
primary electrons of energy muck exceeding tbe critical. This 
shows that the probability is still finite for these fast electrons. 
Thus Van Atta^ finds curves for the relative probability for the 
inert gases which do not vary greatly from 100-300 volts. In these 
experiments only the electrons whose direction was nearly un¬ 
changed by the collisions were observed, so no absolute measure¬ 
ments of the excitation probability were possible and even the 
relative values are somewhat uncertain. 


Itenninger^ has measured the energy losses in electrons scattered 
up to 26^= with a primary energy of 500 volts. In nitrogen the per¬ 
centage of the total inelastic collisions corresponding to excitation 
as 20—25 per cent, at 0® and 13—15 per cent, for angles of scattering 
from 8 -26 . For neon and argon the percentages were 30 per cent, 
and 20 per cent, at 0°, 15 per cent, and 8 per cent, for the scattered 
elections. These figures give the fraction which had lost less than 
the minimum ionisation potential. To judge from the values found 
for the total excitation jirobability by other experimenters, the 
mean for all directions of scattering would be much less than these 
figures. Jones and Whiddington (p. 90) calculate the probability 
of a collision between a 150 volt electron and a hydrogen molecule 
giving rise to an absorption of 12*6 volts, which they find to be the 
most common energy loss. They find a value of *015. This must 
1)0 regarded as a lower limit, since only those collisions are counted 
M hich do not deflect the path of the electron appreciably. Even 
apart from this, the value is much more than that found by 
Eymond. V e must apparently suppose that the excitation proba¬ 
bility increases at voltages large compared with the critical, unless 
there are great differences between different substances. Hughes 
and McMiIlen3 working with electrons of from 40-200 volts in argon 
find that the chance of an energy loss of 11-6 volts (the lowest 
critical) is comparable with that of an ionising collision. 



Van Atta, Ph,,s. licv. xx.xviii. p. S76. 1931. See also Renntnger, d. 

X. p. Ill, 1931. 

Rciminger, Atui. rl. Phy^. ix. p. 295, 1931; x. p. Ill, 1931. 

Hughes and .McMillen, Phys. Rev. xxxix. p. 585, 1932. 
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Loss of Encrgif hij Electrons. 


We have seen that, on the classical theory and for free electrons, 
the chance of a loss of energy Q by a fast electron going through 
matter is 


'Itt ne^ 

mV‘^ 


BQ 

Q 


per unit 2 >ath. 


The loss of energy due to all causes is obtained by multiplying 

by Q and integrating with respect to dQ. The upper limit is clearly 
T, the lower is harder to fix. We cannot take it as zero, for this 

d'T 

would make infinite, and it is clear that we are not entitled to 


treat the electrons as free for the very feeble collisions correspondim^ 
to small values of Q. In the previous editions of this book, in which 
a similar exx)ression was used, a limit was found by supposing that 
the closest distance of approach of the electrons must be less than 
a distance of the order of an atomic diameter for the expression to 
apply; in other words that the electron must penetrate the atom 
or nearly so. Since it is known that no energy is transferred to the 
separate electrons of an atom until the energy of impact exceeds the 

resonance energy K, it seems natural to take this as the limit. We 
then have 

dT ^ 'Itt ne^ dQ 'Itt , 

dx mv^Q ~ .(' 

where the summation extends over the different groups of electrons 

in the atom to each of which a resonance energy K is suppo.sed 
assigned^. 


Bohr^ has got over the difficulty of assigning a lower limit to Q 
by taking into account the binding forces of the atomic electrons. 
He finds, for electrons slow compared with the velocity of light, that 


dT 

dx 


477 iYe‘ ymV^ 

mV^ r=i 4:7 tu^ e- 


( 8 ): 


here N is the number of atoms per unit volume, Z is the number 
of electrons in each atom, and is the natural frequency of the 


1 A formula of tWa type was given for x-rays by Henderson, Pfiii. Mar/. xUv 
p. G80, 1922. 

2 Bohr, Phil. May. xxv. p. 10, 1913; xxx. p. 581, 1915. 
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electron, while y is a constant equal to 1-123. The values of p, may 
either be found from optical data or we may take Tiv^ = J the 
ionisation energy for the electron in question. Bohr’s formula gives 

dT 

as a rule larger values of - than equation (7), usually more 
than twice as much. 

A great many experiments have been made on the loss of energy 
of electrons in passing through matter. Lenard ^ originally found 
that cathode rays are exponentially absorbed, but this apparent 
simplicity is really the outcome of a great variety of effects which 
must be considered singly if progress is to be made. The meaning 
of absorption will depend on the nature of the measuring device. 
If, for example, this is a Faraday cylinder, a diminution in the 
effect ^vill mean a diminution in the number of electrons reaching 
the collector; if an ionisation chamber is used, changes in the mean 
energy of the electrons will be important. Even as far as the number 
of electrons is concerned, an electron may^cease to be counted either 
because it has been brought to rest by the absorbing matter or 
because it has been scattered out of the beam. The problem indeed 
is much complicated by the heavy scattering which the electrons 
undergo. The paths of the electrons are so twisted that there is no 
simple connection between the total length of the path and the 
distance made good in the original direction of motion. In particular 
the idea of a range needs cautious treatment, for even if allowance 
is made for the curvature of the path, some electrons will have been 
more fortunate in escaping serious collisions than others and will 
have longer j)aths. This is known as ‘straggling.’ The most satis¬ 
factory experimental method is by measurement of the Wilson 
tracks of electrons of known initial energy. It is necessary to take 
two simultaneous photographs so that the track can be plotted in 
three dimensions. Unfortunately the wide variation in the be¬ 
haviour of different electrons of the same speed makes it necessary 
to consider a large number of tracks to get a fair average, and this 
makes the work very tedious. There is also the difficulty that a fast 
electron has a track too long to get into a chamber of reasonable 
size at atmospheric pressure. 

The other method which leads to a result that can be compared 

1 Lenard, Wied. Ann. Ivi. p. 255, 1895. 
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with theory, is to measure the diminution in velocity of the rays 
after passing through thin foils of absorbing material. After doing 
so the electrons will no longer all have the same velocity. The best 
quantity to measure is the displacement of the maximum of the 
curve showing electron numbers plotted against velocity. If this 
displacement does not exceed about 5 per cent, it is possible by a 
careful statistical treatment to deduce the mean loss of energy per 
unit distance of path over the range of velocities in question. Ex¬ 
periments in which the velocity of the range is greatly reduced lead 
to such complicated analysis that it is diilicult to draw any conclu¬ 
sion of theoretical interest. The question is carefully discussed on 
the lines originally laid down by Bohr, in Rutherford, Chadwick, 
and Ellis’s Radiations from Radioactive Substances^ Chap, xiv, to 
which reference should be made for an account of the more important 
experiments on these lines other than those described below. 

From equation (7) 


dT 

dx 


-ne* ^ 

T ^ 


n log T/K 



If the variation of the logarithm is neglected this gives 

_ ya ^ 27re^ E n log TjK.x or = ax . . . . (10), 

where Fq, arc the initial velocity and kinetic energy. This law 
was verified by Whiddington^ in some important experiments on 
the loss of velocity of cathode rays in passing through metal foils. 
If R is the length of path required to make F ncgligii>ly small, 
"y/R cc T if the above law holds over so wi<Ie a range of velocitv. 
If I is the number of ions including secondary ions produced per 
unit path, and E the mean energy per ion, which we know from 

experiments to be nearly independent of T, — “ =. IE and 

dx 

= r p ^ ^ 


thus the total ionisation, as well as the primary, is inverselv pro¬ 
portional to the kinetic energy, again neglecting the variation of the 
logarithm. If / = bJT the range is 

R== T^I'lbE. 

I Whiddiiigton, Proc. Hoy. Soc. I.xx.wi. p. 360, 11)12; lx x.xi.x. p. .354, ll)14* 
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C. T. R. Wilson measured the ranges in air of a number of 
electrons produced in air by X-rays of known frequency. From the 
quantum relation the energy of such electrons is hv less the work of 
extraction of the electron from the molecule. The electrons come 
from the innermost or /f-level of electrons, and the work of extrac¬ 
tion is known with fair accuracy from X-ray absorption experi¬ 
ments. The range was found by measuring the length of the curved 
track. Those produced by characteristic X-radiation from copper 
were of ranges 1*3 and 1*7 mm. and those from silver 11 and 
15 mm. Assuming that the electrons came from the /iT-level of 
nitrogen or oxygen and that the two ranges in each case were due 
to the A'a and characteristic lines, the energies would be 7700; 
8600; 21,700 and 24,600 volts. These fit a formula P ~ 21,000.72^ 
where P is the kinetic energy of the particle in volts, and R is the 
range in centimetres in air at atmospheric pressure measured round 
the track. This is a formula of the type of equation (9), and so 
far in agreement with the theory. The absolute value of the rate 
of loss of energy is, however, more than double that calculated 
from equation (7), though less than that calculated from Bohr’s 
formula, taking the frequencies from the ionisation potentials of 
the electrons in the molecules. 

Further work has been carried out by Nuttall and Williams^ 
and by Williams^ who have made experiments on ranges in hydro¬ 
gen, nitrogen, oxygon and argon. The electrons were produced by 
X-rays reflected from a crystal, which obviates the difficulty of the 
two ranges caused by the lines of the characteristic A-radiation. 
For all the gases the range varied roughly as the square of the 
voltage, which varied from 7560 to 22,130 in the case of the experi¬ 
ments on oxygon. The most accurate experiments, those on oxygen, 
showed R az stopping power per electron is roughl}'^ 

constant, and, if N is the atomic number, R= l*44x \0~^.P'^IN, 

R being taken as the range in a gas for which the number of 
atoms per c.c, is the same as in a diatomic gas at n.t.p. This 
agrees fairly well with Wilson’s result. Williams finds that the 
observed range is from 1*47 to 1*70 times that calculated from 
Bohr’s formula. It is slightly more than half that found from 

1 Nuttall and Williams, Phil. Mag. ii. p. 1109, 1926. 

2 Williams, Proc. Roy. Soc. cx.x.x. p. 310, 1930. 
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equation (7). The observed value thus lies between those found on 
the two theories. We might expect this to be the case, for equation 
(7) neglects the motion of the electrons in the atom which tends to 
increase the absorption, while Bohr’s formula implies the possi¬ 
bility of an atom receiving energy from an electron of less than the 
resonance quantum, which we know experimentally to be false. 

No experiments by the Wilson method are available for electrons 

of more than 30,000 volts. For fast electrons we must turn to 

experiments on the reduction of velocity of ^-rays from radium in 

passing through thin foils. Recent work on these lines has been 

done by White and Millington ^ They measured the distribution 

of velocities in a beam of j3-rays which had passed through thin 

layers of mica. The ^-rays were originally homogeneous, selected 

from among the groups of homogeneous rays given by Ra (B + C). 

\ ery great care has to be taken in reducing such results if a fair 

comparison is to be made with theory, because of the complications 

due to scattermg and straggling. WiDiams (loc. cit.) has arrived 

at the conclusion that the results show a stopping power about 

80 per cent, greater than that predicted by Bohr’s theory in the 

form which applies to electrons whose velocity is comparable with 

that of light. The velocities range from -64 to *96 of that of light. 

It seems that the divergence from theory is much the same for 

these fast electrons as for the slower ones, and it is remarkable 

that the theory gives the right variation with velocity over such a 
wide range. 


Quantum Theories of Loss of Energy, 

The first theory of the absorption of charged particles to use 
the ideas of wave mechanics was that of Gaunt 2 , who considered the 
perturbation of the atoms by the field of the charged body and 
arrived at a formula for the total loss of energy practically identical 
with that of Bohr. A more complete theory has been given by 
ethe3, on the basis of Born’s original treatment, but only applicable 
to fast particles, i.e. those whose velocity is large compared with 
that of the orbital velocity of the electrons of the atom as calculated 

1 \\ hite and iMillington, Proc. Hoy. tioc. cxx. p. 701, 1928. 

2 Gaunt, Proc. Camb. Phil. Soc. xxiii. p. 732, 1927. 

3 Jiethe, Ayin. d. Phys. v. p. 325, 1930. 
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on Bohr’s theory. Among the important results obtained by Bethe 
is an expression for the loss of energy of the form ^ 


dT 

dx 


-i;rr^iog(2) ^ 


where is a ‘ mean excitation energy ’ for the atom, which can be 
calculated if the energy levels of the various electrons are known 
and also the ‘oscillation strength’ corresponding to the possible 
transitions in the atom. For air Bethe takes E = 36 volts. 

Williams^ has made the following comparison between his 
experiments and the theories of Bohr and Bethe, to which a column 
calculated from equation (7) has been added. 


Electron stopping power S — j 




7nV^ 


P (volts) 

V/c 

Gas 

S obs. 

S Bohr 

1 

S classical 

S Bethe 

4,800 

■13(5 

Ha 

11-7 

17-1 , 

5-7 

11-0 

14,000 

*230 

O 2 

10-6 

180 

5-7 

12-2 

14,000 

•230 

A 

10-0 

1(5-3 

5-0 

11-2 


No allowance is made for orbital velocity in the column marked 
‘6’ classical,’ 


Williams takes E for hydrogen as 17*6 and for argon as 59 volts. 
He applies a correction to Bethe’s results to allow for the fact that 
Bethe neglects the interchange of electrons and that in the experi¬ 
ments the longer track is taken at every fork as the original 
electron. This makes = 2 log {7nv~IE) — log 8/e, a correction 

of about 10 per cent. The most accurate observations referred to 
the difference in range of 20,440-volt and 7560-volt electrons in 
oxygen for which Williams found *592 cm. Calculation from Bethe’s 
formula gives *48 cm. or with the correction *52, The difference is 
more than can be accounted for by the experimental error, and the 
electrons are fast enough for the assumptions of the theory to 
npply. It is probable that some at least of the discrepancy is due 

1 The factor (2) ill brackets is to be included in the case of ma-ssive particles 
but omitted for cathode rays. 

2 Williams, Proc. Roy. Soc. cxxxv. p. 108, 1932, 
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to Bethe’s use of hydrogen-like wave functions in his calculations. 
It may be remarked that the assumption of orbital motion would 
bring the classical calculations of equation (7) into tolerable 
agreement with the observations. 

Bethe finds that the loss of energy of the particle is an additive 
efieot of the various electronic shells. An electron in the outer 
shell is from 3 to 5 times as efiective as one in the inside of the atom. 
A somewhat similar variation comes from the logarithmic term in 
equation (7). His expression for the primary ionisation per unit 
pa,th is similar to equation (5) except for the presence of a logarith¬ 
mic factor, and another which depends on the quantum numbers of 
the electrons concerned. 

Bethe also calculates, with certain approximations, the mean 

energy loss per pair of ions formed in air, and finds 32 volts which 

IS about the mean of the experimental results. He finds that the 

proportion of primary to total ions for air is about 1 : 3. Most of 

the secondary ions have an excess energy less than the ionisation 

potential, but the few fast ones account for about half of the total 
energy loss. 


Theory of Excitation Probabilities, 

Massey and Mohr^ have developed a theory of Oppenheim's 
which takes account of the possibility of interchange between the 
free electrons and those of the atom. They are able to show that 
this interchange makes it possible for electrons to excite transitions 
which are forbidden by the ordinary rules of spectroscopy. This 
IS in agreement with observation. There is, however, a marked 
difference in the form of the excitation function in helium of the 
singlet and triplet lines. The latter require the atom to be put into 
a state which it cannot reach by the absorption of radiation The 
triplet states have an excitation function with a sharp maximum 
slightly above the critical potential, while the singlet states have a 
niuch flatter maximum which may be as much as 10 or 20 volts 
a ove the critical. This distinction is in good agreement with the 

maximum calculated for 
the triplet states is sharper than that found by experiments using 

I Maaaey and Mohr, Proc. Roy. Soc. cxxxii. p. 605, 1931. 
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the optical method of detection, but less sharp than that found 
by Dymond and Glockler who detected the excitation by the loss of 
energy of the impinging electrons. The maximum calculated pro¬ 
bability is apparently of the order unity for the lowest critical of 
helium. This is a thousand times Dymond’s experimental result. 
For the higher states, which give rise to the lines in the visible 
spectrum of helium, the calculated probabilities are much less. 
Lees^ by observations of the light emitted from helium traversed 
by a beam of electrons, found a value for the probability of ex¬ 
citation of the 3 state in good agreement with the theory, but 
there was a discrepancy amounting to a factor of more than 10^ 
in the case of the 3®P state. The whole subject is still full of 
uncertainties, and more experiments are badly needed, especially 
with electrons of energy only slightly in excess of the critical. 

I Lees, Proc. Poy. Soc. cxxxvii. p. 173, 1932. 



CHAPTER IV 

IONISATION BY POSITIVE IONS 

AVe have seen that electrons moving through a gas with more 
than a certain critical energy have the power of ionising the mole¬ 
cules of the gas. Other more complicated bodies, atoms or their 
nuclei, can also produce ions if they strike the gas molecules with 
sufficient vigour. It has been known since the discovery of the 
a-rays of radioactive substances that they are strong ionising agents, 
and the researches of Rutherford have shown that they are helium 
atoms stripped of their two outer electrons. Positive rays formed 
in a high potential gas discharge have the power of making luminous 
a gas through which they pass, and from the close connection be¬ 
tween luminosity and ionisation which was found in the analogous 
case of electron impact, one would expect them to ionise. This has 
in fact long been known to be the case, though until recently there 
were few exact measurements. A third class of particle comprises 
the positive ions which are given off by heated salts and which can be 
obtained with energies down to a volt or less. Experiments with 
these bodies have given contradictory results. The ionisation is 
certainly much smaller than that produced by electrons of the 
same energy, but there seems fairly strong evidence that positive 
particles of about 500 volts have some ionising power. There are 
two considerable ranges of energy almost entirely unexplored, that 
between a-particles near the end of their range, when they still 
have say 500,000 volts energy, and fast positive rays with about 
50,000 volts; the other between about 1000 and 10,000 volts. The 

first gap IS due to difficulties in high tension technique, the other 
seems almost accidental. 

Ionisation by positives is a less simple matter than ionisation 
y e ectrons. It is true that a fast-moving nucleus, such as au a-ray 
or a proton, may be expected to ionise a molecule through which it 
passes lu much the same way in which an electron would, namely 
by the electric force it exerts on the electrons in the molecule. But 
while the act of ionisation by an electron ends with at least three 
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separate bodies, two electrons and an ion, there are two different 
possibilities for the nucleus. It may knock tbe electron out, or it 
may capture it, and so lose part or all of its own charge. In the 
case of a-rays both these cases are known to occur. When the moving 
particle is an atomic system with outside electrons the collision 
must be an extremely complicated matter, but here again there are 
two main possibilities—electron transfer and electron ejection. 



Fig. 61. Fig. 62. 


The best proof of electron transfer comes from the study of 
positive rays. Wien’s early experiments on the value of ejm for 
these rays showed a continuous variation. It was suggested in the 
last edition of this book that this was due to a loss of charge of the 
rays in passing through the deflecting fields. In consequence they 
only experienced a fraction of the proper deflection, depending on 
where the neutralisation took place. This idea has been confirmed 
experimentally^*^. A beam of positive rays is allowed to pass through 
magnetic fields at two points of its path to a fluorescent screen. 
The fields are normal to the path of rays, and mutually perpendi¬ 
cular, magnet A nearest to the cathode giving a vertical deflection 
and magnet B farther along a horizontal one*. 

1 J. J. Thomson, Phil. Mag. xiii. p. 561, 1907; xviii. p. 824, 1909, 

2 W. Wien, Ann. d. Phys. xxvii. p. 1025, 1908. 
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Fig. 51 gives the appearance of the screen when the magnet 
next the cathode is the only one in action, a is the position of the 
undeflected spot, 6 that of the deflected; a and b are connected 
together by a straight luminous band, the luminous streak above a 
is due to negatively charged particles. Fig. 52 gives the appearance 
when both magnets are on. If there had been no loss or gain, of 
charge the only effect of the second magnet would have been to 
remove the spot b horizontally to another place b\ and only two 
spots, a and b , would be visible. If, however, the pressure is not 
very low there are, as a matter of fact, four spots, «, a', 6, b\ on the 
part of the screen corresponding to positive charges, as well as 
considerable luminosity over the rectangle with these points as 
corners. Let us consider these points in succession; 6' has ex¬ 
perienced the full horizontal as well as the full vertical deflection, 
it is therefore produced by particles which have retained their 
charges while passing through both magnetic fields. Let us now 
take 6; this spot has the maximum vertical, but no horizontal, 
deflection. The particles producing this spot must have been 
charged all the time they were in the field of the magnet but 
have lost their charge before reaching the field of the magnet B. 
This is an example of a particle losing its charge on its way down 
the tube. Now consider the spot n'; this has not been deflected 
vertically at all, therefore it must be due to particles which were 
uncharged when they were passing the first magnet A. On the 
other hand, it has experienced the full horizontal deflection, so that 
the particle must have acquired a charge before reaching the second 
magnet B; this is an example of a particle acquiring a charge 
during its path. The appearance of the luminosity due to the 
negatively charged particles shows that these, too, gain and lose 
negative charges in their passage down the tube. In these experi¬ 
ments the pressure of the gas was not very low. 

The fact that the neutral particles can gain a negative cliarge 
IS a proof that they, as well as the positives, can ionise, for the 
charge can only come from an atom of the gas through wliich 
they pass, the density of free electrons being far too small to 
count. Only some kinds of atom can acquire a negative charge 
m the positive rays, for example, the inert gases cannot do so, 
ut it seems almost certain that the power of ionising is a 
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general property of all systems if they are moving fast enough 
(see p. 131). 


Every time a neutral atom gains a charge of either sign, it 
must, on this view^ produce an ion in the gas, or, counting itself, 
a pair. When a positive particle is neutralised there is a trans¬ 
ference of charge, and no loss in the net number of charged particles. 
There may be an increase in this number if the collision which 
causes the transference of the charge releases another electron from 
the gas molecule. There is thus a net gain of at least one pair of 
ions when a charged particle returns to its original state after 
being neutralised. In addition to this ionisation, which is bound up 
with the interchange of electrons between ray and gas molecule, 
there may be ionisation due to the release of electrons. Some of the 
experiments we shall describe would only detect this kind of 
ionisation, others would detect both. 


Ionisation by Slow Positives. 

' The detection of ionisation by positive ions of up to say 
1000 volts energy is made difficult by the electrons which such ions 
often release when they strike solid surfaces. Unfortunately the 
•extent of this electron emission depends greatly on the state of 
the surface, and is usually greater for surfaces covered with layers 
of gas, so an increase of the current with gas pressure is not a com¬ 
plete proof that it is due to ionisation of the gas itself. The effects 
found by the earliest experimenters (Pavlov, and Bahr and Franck) 
were almost certainly due to emission from sohds. Most of the 
recent experiments have been done with alkali ions derived from a 
Kunsman source, and usually in the inert gases. One would not 
expect much transfer of the charge here, because the ionisation 
potential of the gas is so much more than that of the metal. Neither 
atom is likely to get a negative charge. 


Of recent work we may mention that of Sutton^, Beeck^, 
Sutton and Monzon3, and Beeck and Mon20n4. They all work with 


1 Sufcton, Phya. Rev. xxxiii. p. 36-4, 1929. 

2 Beeck, A7in. d. Phya. vi. p. 1001, 1930. 

3 Sutton and Monzon, Phya. Rev. xxxvii. p, 379, 1931; xxxv. p. 694, 1930. 

4 Beeck and Monzon, Phya. Rev. xxxviii. p. 9G7, 1931; Ann. d. Phya. xi. 
pp. 737, 858, 1931. 
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alkali ions in inert gases and detect the electrons. Sutton and 
Monzon’s apparatus is shown in Fig. 53. The ions from the filament 
F are accelerated through a fine tube into the space between S and 
<?, where they are intended to ionise. The tube and cathode C are 
insulated from S, which is the collector and is maintained at 20 volts 
positive to C. The plate P receives the primary positive current and 
is 18 volts positive to C to prevent the emission of electrons. Though 



Fig. 53. Experimental tube and connections. 


this voltage is less than the ionisation potential of helium, which 
was the gas used, it is very near the first critical potential and it 
seems possible that atoms in the metastable state may have been 
formed. Others may have come from the discharge into the ionisa¬ 
tion space through the fine tube. The ratio of the current to S to 
that to P is taken as a measure of the ionisation, after subtracting the 
value at zero gas pressure. This last represents secondary electron 
emission from the gauze and fine tube. The ratio steadily increases 
with the pressure which varied from -Oil to -110 mm., but is not 
proportional to it. In a later paper Sutton and Monzoii have ex¬ 
tended their result to include the ions Li-, Na+ and Cs+ in neon and 
argon. They come to the interesting conclusion that a positive ion 
is most effective in ionising that gas which is nearest to it in atomic 
number (or in mass). Figs. 54, 55 show the results for alkali ions in 
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argon and neon. The ionisation in helium is much less. Beeck im¬ 
proved on Sutton s method by sorting the ions in a magnetic field 
before use. This was important, as his sources gave considerable 



Fijcr. 54. N is number of argon ions formed per positive ion 

per cm. path at 1 mm, pressure. 



Fig. 55. X is number of neon ions formed per positive ion 

per cm. path at 1 mm. pressure. 

\ 

numbers of other alkali ions besides the kind they were intended 
for. Qualitatively, and in order of magnitude, his results agreed 
with the above, but there were marked numerical differences. The 
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ionisation chamber was further from the source of the ions and the 
chance of contamination by metastable atoms was less. As a rule 
Beeck’s experiments showed less ionisation than Sutton^s. There 
was very little ionisation in helium. In the most recent papers 
Beeck and Monzon have continued the work with magnetically 
separated rays. They confirm the conclusion that ions are usually 
most eflS.cient in gases near them in atomic number, but K+ and 
Bb+ are equally efficient in krypton and K'*' is more efi'ective than 
Rb+ in xenon. In all cases the efficiency increases in a roughly 
linear fashion from a minimum ' ionisation potential * as in the case 
of electrons. The values for this potential are given below, they 
differ considerably in some cases from those in the earlier papers. 



1 

Na+ 

1 

K+ , 

Rb+ 

Cs+ 

1 

1 

Ne 

307 

175 

320 

420 

437 

A 

100 

105 

95 

180 

365 

Kr 

420 

400 

80 

100 

143 

Xe 

250 

360 

1 120 

1 

145 

105 


The chief uncertainties in these experiments lie in the possibility 
of the secondary electron emission from the solid surfaces varying 
rapidly with the gas pressure, and the possible presence of ionised 
or metastable atoms produced by the secondary electrons in the 
spaces between the anode and cathode or between the gauze and 
the plate. While the results can hardly claim to be decisive, it 
seems fairly certain that electrons are really produced. 


Transfer of Electrons. 

Although they are not actually ionisation experiments, some 
measurements by Dempster have an important bearing on the 
question. Dempster accelerates ions from a discharge and bends 
them in a semi-circle in a magnetic field, the apparatus being similar 
to that which he used in his experiments on ejm (Vol. i. p. 287) 
and to that illustrated in Fig. 46. The ions are detected electrically 
and a large current is found whenever the accelerating and magnetic 
fields are so proportioned as to bring the ions of a particular 
on to the Faraday cylinder. If now the pressure of gas in the region 
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covered by the magnetic field is increased, one would expect the 
intensity of the current to diminish owing to the scattering of the 
atoms and their possible neutralisation. If they are slowed down 
collisions without much change of direction the maximum 
current will occur for a weaker magnetic field than would otherwise 
have been the case. Dempster^ finds the remarkable result that 


protons of 14-930 volts can pass through helium with little ab¬ 
sorption, and with no measurable loss of energy. At 930 volts 
protons passed through helium without much loss of intensity at 
a pressure which corresponded to 120 kinetic theory collisions. 
Even when the protons had only 14 volts energy they could make 
seven such collisions before disappearing. There was some small 
angle scattering, but there can have been very little ionisation, for 
this would imply an easily detected loss of 25 volts besides probably 
deflecting the particle out of the beam. Other ions disappeared at a 
much lower pressure. Thus H 2 + could make of the order of 10 kinetic 
theory collisions before disappearing, probably by dissociation, 
while He+ was neutralised after an average of only 1*4 such colli¬ 
sions, Here we have evidence of a strong selective effect. The 
protons can pass through the helium atoms with no risk of being 
neutralised, probably because of the large difference of ionisation 
potential between helium and hydrogen, while an exchange of 
electrons between two helium atoms is a very likely occurrence. 
Protons of 90 volts in hydrogen could pass through 15*7 cm, at 
•008 mm. pressure, but this only corresponds to one or two kinetic 
theory collisions. The energy was not altered by as much as 
2 volts. In these experiments the source was probably not suffi¬ 
ciently constant for it to be possible to detect changes in intensity 
unless they were very marked. 


The difficulty in experiments of this type is to distinguish be¬ 
tween the different possible causes of the diminution in the number 
of ions reaching the collector as the gas pressure increases. The 
ions may be neutralised at some stage of their path, they may be 
scattered from it by collisions ^vith the gas molecules, if molecular 
they may be dissociated, and they may have their velocity reduced 
without marked change of direction. The latter case can be 


I 

iii* 


Dempster, Proc. Nai. Acad. Sci. xi. p. 552, 11125; xii, p. 98, 1926; Phil. 
115, 1927. 


Mag. 
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distinguished with certainty, for a decrease of magnetic field 
will bring the ions back on to the collector, if the change in 
velocity has not been too great. Thus Kennard^ found a marked 
diminution in the velocity of Cs+ ions in hydrogen, about 1*3 volts 
per kinetic theory collision ^ for 90-volt ions. At 35 volts there was 
little loss by the other causes, only about 2 per cent, of the beam at 
a pressure corresponding to an average of 12 kinetic theory colli¬ 
sions. Sodium ions showed little, if any, diminution of velocity in 
hydrogen at 455 volts; the distance for disappearance was of the 
order of 20 times the kinetic theory value. 

Harnwell3 has come to the conclusion from measurements with 
an apparatus similar to that used in finding ionisation potentials, 
that positive ions of the alkalis lose only a small amount of energy 
in collisions with gas molecules. 

According to Durbin4 the effective free path for K+ ions in a 
number of gases is from two to nine times the gas kinetic value for 
energies from 8*5 to 250 volts, increasing with the energy. 

Some experiments by Cox5, who used Li+ ions in mercury 
vapour, suggest that too much importance should not be attached 
to the absolute values found in these experiments for the rate of 
disappearance of the ions. He finds that they depend markedly on 
the geometry of the apparatus, which determines w'hat we may call 
the angle of tolerance,’ i.e. the maximum angle through which a 
particle can be deflected and yet be counted. The conclusion is 
that small angle scattering plays an important part in the weakening 
of the beam. In this way certain discrepancies between the above 
results and those of similar experiments by Ramsauer^ can be ex 
plained. In a later paper on the effective cross-section of gas mole¬ 
cules for protons, Ramsauer, Kollath and Lilienthal7 find that the 
geometry of the apparatus has a considerable effect in the case of 
the slower rays. Some of their results are shown in Fig. 5(> and are 

1 Kennard, Phys. Rev. xxxi. p. 423, 1928. 

2 Calculated as for a xenon atom. 

3 Harnwell, Phys. Rtv. xxxi. p. t>34, 1928. 

4 iJurbin, Phijs. Rev. xxx. p. 844, 1927. 

5 Cox, Phys. Rev. xxxiv. p. 1426, 1929. 

6 Kamsauer, Phys. Zeits. xxviii. p. 859, 1927. 

7 Kamsauer, Kollath and Lilierithal, .4««. d. Phys. viii. p. 709, 1931. 
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of interest in confirming Dempster’s conclusion as to the great 
penetrability of helium, and in giving at least a rough comparison 
between different gases. 



In spite of this difficulty, experiments of the Dempster type 
m ay give valuable information of a qualitative character. IVe have 
seen that He+ ions rapidly disappear in helixim, the suggestion 
being that there is an interchange of charge. There is evidence 
that this is a particular case of a general principle, and that inter¬ 
change of charge, in the case at least of slow ions, is more likely to 
take place when the change of potential energy involved is small. 
Wolf^ finds that the free path for argon ions in argon is rather 
less than the kinetic theory value for energies of 20-500 volts. 

Harnwell^ has made investigations of the ionisation of mixtures 
of the rare gases in a Dempster apparatus. He measured the change, 
as the pressure was increased, in the ratio of the number of helium 
ions to that of neon ions detected in a mixture of half helium and half 
neon. The Ne+ ions tended to increase at the expense of the He+, 
and it is suggested that this is due to the greater ionisation potential 
of helium. Similar eft'ects occurred with other mixtures, though 
not always to such a marked extent. 

In Harnwell’s method the difference may be caused either by 
transfer of charge in the ionisation chamber, or by scattering or 

1 Wolf, Zeits.f. Phys. Ixxii. p. 42, 1931. 

2 Harnwell, Phya. Rev. xxix. pp. 683, 830, 1927. 
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change of charge in the region where the ions are deflected by the 
magnetic field. The conditions in the ionisation chamber depend 
on the pressure, which makes the interpretation less certain. 
Kallmann and Rosen * have found that positive ions in an apparatus 
of the Dempster type vary in relative intensity as the pressure in the 
region of the magnetic field is altered, even though the conditions 
of pressure and voltage are unchanged in the discharge region 
where the ions are formed. For example, at a low pressure ions 
were much stronger than N+, while if the region of the magnetic 
field contained nitrogen at a considerable pressure the N+ ions were 
the more numerous. They attribute this to the ions being more 
easily neutralised by Ng molecules; the ionisation potential for 
is 16 7 volts and for K+ is 14*5. Similar preferential absorption occurs 
when the gas is not identical with either of the ions, this was o))- 
served by having a small proportion of the gas whose ions were to 
be tested in a larger quantity of the absorbing gas. Since the ions 
are magnetically separated it is easy to detect one kind in the 
presence of a great excess of another. Thus in oxygen, which has an 
ionisation potential of about 13 volts, less than that of either 
or the latter with its smaller ionisation jiotential is the more 
s^ongly absorbed. Again while the CO'^ions are much more strongly 
a sorbed in CO than are the C’*' ions, the reverse is the case in XH 3 
for which the ionisation potential of about 11 volts is nearly the 
same as that of C+, 11-3 volts. The ions were usually of 400 volts 
Such effects may be equally well accounted for by supposing 
differences in the scattering power of the gas for the different mole- 
c^es, but it is less obvious then why the relative ionisation potential 
should be an important factor, as it appears to be. Further, Kall¬ 
mann and Rosen point out that their view is in agreement with the 
quantum mechanic theory of electron exchange. 

H<ffzer 2 has examined hydrogen ions in hydrogen in a similar 

absorption of H 2 + is greater than that of H 3 - 
or o H+, The value of the absorption coefficient at 1 mm. pressure 
is shown in Fig. 57. The curve connecting the current to the collector 
t e magnetic field shows no broadening with pressure in the 
case of H 2 +, so that there is apparently little small angle scattering, 

1 Kallmann and Kosen, ZeiU.f. Fkys. Ixi. p. Gl, 1930. 

2 Holzer, Phys. Rev. xxxvi. p. 1204, 1930. 
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and the diminution in intensity with increase of pressure must be 
due either to dissociation, to large scale scattering or to neutralisa^ 
tion. Some dissociation undoubtedly occurs, for Holzer finds ions 
corresponding to the elm for H'*' with half the normal energy. These 
ions, which are usually found with hydrogen in this type of appa¬ 
ratus as also in the high speed positive rays, are formed from mole¬ 
cules which have acquired their normal amount of energy, and then 



VELOCITY IN VVOLTS 
Fig. 57. 


dissociated before entering the magnetic field so that each nucleus 
has half. The collisions which produce this effect must be slight 
enough not to deflect the ion appreciably from the main beam, for 
the peak is a sharp one. On the above view one would of course 
expect neutralisation to be common, and it may well be the chief 
cause of the apparent absorption. 

The protons are much less absorbed, and there is evidence of 
small angle scattering. The absorption coefficient, if every kinetic 
theory collision were effective, would be about 13, or rather more 
than Holzer finds. His results appear consistent with. Dempster’s, 
though the author seems to think they disagree. They do, however,' 
indicate that the chance of neutralisation of these slow protons 
(60-850 volts) is much less than for the slowest (13,400 volts) ex¬ 
amined by RUckardt (see p. 140) which would give an ‘absorption’ 

coefficient for this cause alone of 42. It is noticeable that the H 3 + 
ions are less absorbed than the Hg^. 
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-^PPl^yard S following on some experiments by Tate^, has shown 
that a sodium ion can pick up an electron from mercury, which has 
a larger ionisation potential, 10*3 volts against 5*1. 

It is desirable that experiments should be made on the scattering 
of slow positive ions in various gases to see how far the above 
results may be due to differences in scattering rather than to dif¬ 
ferences in neutralisation. Such experiments would, however, be 
harder than those on electrons since ex-hypothesi the ions do not 
always retain their charges, and electrical methods of detection 
could only be used if the neutralised atoms were re-ionised, for ex¬ 
ample by contact with a hot tungsten surface 3. 

Ionisation by Protons. 

In a recent paper Goldmann 4 has made a careful investigation 
over a range of energies very little studied before—500^000 volts. 
He used a beam of protons and his apparatus (Fig. 58) was so de¬ 
signed as to enable him to measure simultaneously the ionisation 
and capture of electrons by the protons. The pressure was so low 
that the chances of a neutralised particle making a further collision 
were negligible. The protons were produced by ioni.sing a stream of 
hydrogen in the tube D by electrons from the filament G. Potentials 
applied to the slits served to accelerate the protons and stop 

the electrons. The accelerated ions were bent in a magnetic field 
in the usual manner and the protons sorted out from the more 
numerous H 2 + and H 3 + ions. They then passed into the chamber Z 
containing the gas 2 imder examination. Here the plates 
Pr and PgP z formed a parallel plate condenser, P^Pr serving as a 
guard ring while P^^ was the collector actually used in the measure¬ 
ments. The total current to Z and the plates gave the number of 
protons entering per second, Avhile the current to P,^^ gave the 
number of slow electrons or slow positives present according to the 
sign of the field between the plates. This field was always strong 
enough to saturate the current. Each act of ionisation by the 
protons should produce a slow electron and a slow positive, while 
each act of neutralisation should produce a slow positive. 

1 Appleyard, Proc. Hoy. Soc. cxxviii. p. 3.‘{0, 1930. 

2 Tate, Pkys. Rev. xxiii. p. 293, 1924, 

3 Cf, J. B. Taylor, Zeits. f. Phys. Ivii. p. 242, 1929. 

4 Goldmann, Ann. d. Phys. x. p. 4G0, 1931. 
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A small electron current was found, but it was independent of 
the gas pressure and regarded as due to the presence of vapour. It 
may also have been partly caused by secondary electrons due to 



Fig. 58. 


radiation and collisions with the walls, though most of these were, 
no doubt, collected by the guard ring. In any case, there was no 
evidence of ionisation in H 2 , He or A up to 4000 volts. 

A considerable current of positives was observed. In helium 
it hardly varied with the pressure and was probably due to vapour 
or other secondary causes. In hydrogen and argon it increased in a 
linear manner with the pressure, and from this increase the effective 
cross-section for neutralisation could be calculated. Fig. 59 shows 
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this for hydrogen as a function of the energy of the protons. The 
line at G shows the cross-section for collisions with a point, as cal¬ 
culated from kinetic theory data. For argon the cross-section is 
between two and three times the kinetic theory value. It should 
be noticed that the effective cross-section increases with the energy. 



In the positive ray region the corresponding quantity IjLy decreases 
with increasing energy, so that there must be a maximum some¬ 
where between 4000 and 15,000 volts. The absence of effect with 
hehum (less than 2 per cent, of that with hydrogen) is to be ascribed 
to the high ionisation potential of that gas as compared with atomic 
hydrogen, so that an interchange would require the absorption of 
much kinetic energy. This is in agreement with Dempster’s results. 

t high pressures Goldmann found a considerable current due to 
electrons, which may have been due to ionisation by the swiftly 
moving hydrogen atoms formed by neutralisation of the protons.' 


Ionisation by Neutral Atoms, 

In a recent paper Beeck' has announced that neutral ar<Ton 
atoms with energies corresponding to the acceleration of the 
electronic charge through 50-120 volts produce intense ionisation 
m argon and neon. The experimental details are not given, but he 

I Bceek, Proc. Xat. Acad. Set. xviii. p. 311, 1932. 
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mentions that in argon about equal numbers of positive and nega¬ 
tive ions were produced, while in neon there was an excess of 
negative, the corresponding positive charges being presumably 
carried by the primary rays which must have themselves lost 
electrons in the process of ionisation. One would expect that this 
would occur also in argon, since when two argon atoms collide it 
must be an even chance which is ionised. Perhaps in this case the 
moving atom is deflected and retained with its charge in the ionisa¬ 
tion chamber. The greater efficiency of a neutral atom over an ion 
as an ionising agent is no doubt partly explained by the smaller 
energy required to detach an electron from two neutral atoms in 
collision than from a system which already has a positive charge. 

Ionisation by Positive Rays, 

The first measurements of the ionising power of positive rays 
were made by Seeliger*; they were extended by Baerwald^, who 



found that the ionisation increased ■with the voltage of the dis¬ 
charge in which the rays were formed. The rays in these experi¬ 
ments were not selected, and so consisted of a mixture of ions of 
various kinds and varying velocities. In a recent paper Gerthsen3 

1 Sceligcr, Phys. Zeits. xii. p. 839, 1911. 

2 Baerwald, Ann. d. Phys. Ixv. p. 167, 1921. 

3 Gerthsen, Ann. d. Phys. v. p. 057, 1930. 
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has worked with protons of known energy. The positive rays are 
produced (Fig. 60) in a discharge between A and K at a compara¬ 
tively low potential, and after passing through a hole in the cathode 
K are accelerated by the main field W. In this way the energy is 
known with fair accuracy, for the pressure behind the cathode can 
be kept so low that the rays do not change their charge, and receive 
the full energy corresponding to the applied potential difference. 
Uefore they pass through the cathode the rays are subject to 
neutralisation, and in addition they are produced all along the dark 
space, so that their energy is a varying fraction of the cathode fall 
of potential. This is shown for ordinary positive rays by the length 
ot the parabola found in the measurement of e/w using crossed 
electric and magnetic deflections (Vol. i. Plate I). In Gerthsen’s 



Fig. 61 . 

^“-11 compared 

h due to the accelerating field. After acceleration and 

passing through a hole B the rays were magnetically deflected at M 
m a good vacuum, a powerful pump removing such gas as leakci 

d“eflt:r' Vrr ^ g-- -ergyThe mag.Sc 

deflection will depend on the value of e/m, and in this way the 
protons were sorted out from the other ions. Gerthsen’s vaLum 
was so good that only 5 per cent, of the protons picked up an 
electron m a path of 30 cm. The ionisation was produced ni a 

whTch the gas to be investigated into 

which the rays passed through a thin film of celluloid 4s the 

pressure of the gas was increased the ionisation current increased 

also, approaching a steady value when the rays were entirely 
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absorbed in tbe gas. From the initial slope of the curve of ionisation 
against pressure (Fig. 61) the ionisation per unit path can be cal¬ 
culated, while the ionisation for complete absorption gives the 
mean energy per pair of ions. This last was found to be independent 
of the energy of the rays, and 36 volts in air, about the same as for 
cathode rays (doubly charged particles, if they occur, being counted 
twice). 

The ionisation for imit path was as follows: 


Energy of proton (corrected for loss in the celluloid film) 
in kilovolts 

Ion pairs/cm. at 1 mm. of mercury in air 
Ion pairs/cm. at 1 mm. of mercury in hydrogen 


19-1 

25-9 

35-4 

19 

23-5 

26-5 

8-5 

10 

11 


The value for hydrogen is less than that found by Baerwald. 
Gerthsen points out that Baerwald’s results would imply an 
energy loss of only 12-14 volts per ion pair, which is certainly too 
small. 


Absorption of Positive Rays. 

Some early experiments seemed to indicate that positive rays 
were absorbed by gases as the results of single violent collisions 
rather than by a gradual decrease of velocity as was known to be 
the case for a-rays. On this assumption the absorption would be 
exponential, and Wien made measurements of the absorption co¬ 
efficient. This was not proportional to the pressure as it should 
have been, a result partly explicable by the pressure of vapour, but 
more by the fact that the absorption, at least of homogeneous rays, 
is not exponential but is due to a gradual slowing down, giving a 
nearly definite range. The results, however, showed that the rays 
could make of the order of 100 gas kinetic collisions before dis¬ 
appearing. 

Law and Mutch L using a photographic method, showed that 
homogeneous rays are not exponentially absorbed, and that the 
range agreed roughly with that to be expected from comparison 
with a-rays. Gerthsen’s experiments lead to a more precise deter- 

I Law and Mutch, Phil. Mag. x. p. 297, 1930. 
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mination of the absorption. They show clear evidence of a range, 
which can be found from the pressure at which the maximum 
ionisation is first reached. This is a fairly definite point, as can 
be seen from Fig. 61. If v is the velocity of the ray, the range 
E = av^*5, the range for protons of 25*9 kilovolts being 48 cm. in 
air at 1 mm. pressure. The stopping power of hydrogen was about 
•4 that of air. 

If the only loss of energy is due to ionisation, or is at least 

proportional to it, as is indicated by the constant value found for 

the average energy loss per ion, there is a relation between the range 

and ionising power of a particle. If we assume that the law of loss 

of velocity with distance is ~ v’* — ax where a is supposed 

constant, at least over a small range of v, and I = where I 

is the ionisation per unit path and b another constant, then 
dv y. 

^dx^'^ oc V"* and n + 7/1 ~ 2 except for m ~ 2, Gerthsen’s 

result for the range means that n = 1*5, so w should be *5. Actually 
the ionisation in air is more nearly proportional to the first power of 
the velocity, as is shown in Fig. 62, taken from a later paper by 
Gerthsen^. This discrepancy suggests that one or both of the 
experimental results are inexact. 

30 
20 
10 


Fig. 62 

Eckardt^ has determined the loss of energy of protons in 
passing through thin films of celluloid (1-3—22 x 10'® cm.) and 
also of beryllium. He used an arrangement similar to Gerthsen’s 
to generate homogeneous rays and detected those which had 
passed through the celluloid by means of a Geiger counter after 
they had received a second magnetic deflection. He found that the 
loss in velocity was proportional to the thickness traversed and 

1 Gerthsen, Phys. Zeils. xxxi. p. 948, 1930. 

2 Eckardt, Ann. d. Phys. v. p. 401, 1930. 
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was nearly independent of the energy of the rays over the range 
30-50 kilovolts. In our notation this means that w = w = 1, as is 
required by Gerthsen’s ionisation experiments. This is reasonable, 
as one would expect that there woxild not be much difEerence be¬ 
tween the laws concerning the passage of protons through air and 
celluloid. It seems probable that Gerthsen’s 1*5 power law for the 
range in air is incorrect. Blackett’s experiments on recoil atoms 
(p. 175) give a value of the exponent of about 1*2 at slow speeds, 
but agree well with Gerthsen’s experiments as regards the absolute 
value of the range at the mean energy used. 

It must be remembered that although the rays in Gerthsen’s 
experiments were originally protons, many of them will have been 
neutralised in passing through the celluloid, and long before they 
are fully absorbed in the gas there will be statistical equilibrium 
between the protons and neutral hydrogen atoms in the rays. 

Gerthsen found that doubly charged helium atoms are formed 
when singly charged helium ions pass through matter with more 
than about 90 kilovolts of energy. He points out that on a simple 
collision theory one might expect this process to set in at 100 kilo¬ 
volts. The second electron requires an energy of 54 volts to remove 

it, which corresponds to a speed of 5*94 x 10^ x V54. If this is 
acquired from a collision with an atomic nucleus the latter must 
have a velocity relative to the second electron of half the above, if 
the second electron is supposed at rest and the collision is rapid 
compared with the frequency of the electron. The speed of the 

helium atom through the material is therefore 2*97 x 10’^x'\/54 
and the energy is x 4 x 1850 = 10^ volts. The results show a 
rapid increase in the production of doubly charged ions at about 
this voltage. 


Loss and Gain of Charge. 

Experiments such as these measure the ionisation of all kinds. 
A number of experiments have been made on the loss and gain of 
charge by positive rays, from which one can calculate the ionisation 
due to this cause alone. The results are also of interest as showing 
how the composition of a beam of initially positive or neutral 
particles will change on its passage through gas. The first measure- 
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ments were made by Wien*, who found that the distance which a 
particle went on the average before changing its state was larger 
than, but of the same order as, the mean free path of the particle in 
the gas. The chance of a positive particle gaining an electron was 
more than that of a neutral particle losing one. These experiments 
were made with unselected positive rays. For homogeneous rays 
the theory of Wien’s experiments may be expressed as follows. 
Let nj be the number of positively charged particles which pass 
through 1 sq. cm. normal to the beam per second at a point x from 
the start and let jjg be the corresponding number of the neutrals. 


Then 


dx ~ .(1)> 


dn^ 



if we neglect any possible sudden absorption of the rays. Here 

a-i, 02 represent the chances that a positive will lose a charge and a 

neutral regain it. As will be seen later, they are functions of the 

energy of the rays, and so will vary slowly as the rays are slowed 

down by passage through the gas, but we will neglect this variation 

and treat them as constant. They will be proportional to the 

pressure; we will write for l/oi, 1/02 reckoned at a pressure 

of 1 mm. 


From the above equations we have 

4- 722 = constant, 

since we have neglected absorption. The equilibrium state is given 
by where 


The integrals are 


WiO ^ 02 

Oj 



= IV say. 


4- B 



72 = — ^e-Caj+a2)x 1 ^ 


o. 


w, 


where Ay B are arbitrary constants. At infinity so B = 

The experiments consist in passing a beam of the rays between a 

l W. Wien, Ann. d. Phys. xxxix. p. 528, 1912. 
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series of short condensers, some or aU of which are charged to a 

sufficient potential difference to remove all charged particles from 

the beam. The rays are received in some measuring device such as 

an lomsation chamber or thermopile, which records equally charged 

and uncharged particles. As the various condensers are charged 

the strength of the final beam changes, and the relative intensities 
give the quantities sought. 


Method I. 

The first condenser is charged, so that the rays which leave it at 
re = 0 are originally all neutral. In this case 


{1 — 


Hence 


^ _ 1 1 + 

w' 1 — ’ 


where 


a = ai + 0 C 2 . 


Solving for e~~°^ and taking logarithms we find 



If the beam has passed through a sufficient amoimt of gas to reach 

statistical equilibrium before it gets to the first condenser, we can 

find w by taking readings with this charged and uncharged, all 

the other condensers being uncharged. The ratio of these readings 
gives 


^ 1 _ 

w + 1' 


To find a the first condenser is kept charged and readings are taken 
with a second condenser at a distance x charged and uncharged. If 
p is the ratio of these readings, 


= (1 - p)lp-, 

we can then find a from equation (5), and knowing a and w it is easy 
to find aj and ag. 
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Method II. 

The beam is allowed to reach statistical equilibrium, and its 
efiect measured with no condenser charged. A number of the 
condensers are then charged so that the positives are removed 
from the beam not only at a point but along a considerable distance 
Xj the beam being progressively weakened as the neutrals change 
into positives and are removed from the field. The original number 
of neutrals being the number left after the distance 5; is 
The ratio of the observed deflections is the ratio of this to 

^ + Wg® = Wg® (1 H- 2 v), i.e. e-“ 2 ^/(I + w); 

thus if w is found by a separate experiment as in Method I, Og can 
be found and hence . 

Method III. (Bartels's.) 

The beam, originally consisting entirely of positives, is passed 
through a path x of gas at a pressme too low to bring it fully into 
statistical equilibrium. The composition is then determined by 
measuring the ratio of the effect of the whole beam to that of the 
part left after it has passed through a short charged condenser. 
Here = A (e-“^ -h w), 

71^ = A (I — 

and the observed ratio 

Wa _ 1 — 

+ Wg ~ I + to ^ 

To find w the pressure is increased till the ratio attains a stationary 

value which will be -- - 

I + tv 

A correction is required in all these methods if the length of the 
short condensers is not negligible in comparison with l/a^, l/ocg*. 

The above theory does not apply to molecular rays because of 

the chanee of dissoeiation, whieh will gradually turn the beam into 
one of atomic rays. 

\ery careful measurements with homogeneous rays were made 
y Ruckardt^. He deflected the rays by electric and magnetic 

1 Ruckardt, Ilandbuch d. Phys. xxiv. p. 44 , 1927. 

2 Ruckardt, Ann. d. Phys. Ixxi. p. 377, 1923. 
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fields as in the parabola method of determining elm (Vol i r, 267) 

«d ao.. ““ ““<• ■>' “• -‘oi p.'„bS 

by passing them through a hole. After going through a sufficient 
^1 *° r®ach statistical eqmlibrium the rays passed between the 

plates of ten short condensers in line which were used as described 
bove (Methods I and II). The rays were detected by means of a 
ermocouple. He found that w was independent of the pressure 
but increased with the voltage from 15-40 kilovolts. It was always 
less than unity. The values found for were not exactly pro¬ 

portional to the pressure. This was probably due to the presence of 
a small quantity of vapour not measured by the McLeod gauge. 
Bartels has recently refined on these measurements, using the 
same techmque as Gerthsen and detecting his rays by their ionisa- 
tion. Using high speed pumps and good vacuum conditions under 
which the mean free path for loss of charge was sometimes as long as 

19 metres, he was able to show that the quantities a were accurately 
proportional to the pressure. 


His measurements of w are shown in Fig. 63, and some of his 

measurements of 4 compared with those of Riickardt in the 
following table: 


Energy of 
proton in 
kilovolts 

Free path for change of charge of H atom 
rays at 1 mm. pressure 

-- 

Author 

t 

in Ho Zro in Hg 

Zj in Ko Zg in Ng 

Zj in Og Zg in Og 

13-4 

15-4 

16 4 

23-5 

26*7 

30 

39 

1 1 

1 1 

cm. cm. 

cm* cm. 

cm. cm. 

! 

' 1 

•0235 -27 

•039 -3 (c.) 

— *22 

*055 *145 

•076 -17 

•077 -124 

■030 -0S2 

■066 -072 

•0455 -0365 

•021 -076 

•052 -054 

•060 -076 

•086 -052 



It will be seen that increases with the energj^ of the rays 
while Z-a as a rule diminishes. ’ 


I Bartels, Ann. d. Phys. vi. p. 957, 1930. 
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Th.e ionisation due to this change of charge is 1 pair in a distance 
7^1 -{- 1^2 • S'or hydrogen this gives 3-4 pairs per cm. out of the 
8-11 pairs total ionisation found by Gerthsen. The proportion is 



about the same for air. The 'theory of these experiments breaks 

down for molecular rays which are perpetually being dissociated 

into atoms, and never reach even an approximate statistical 
equilibrium. 

Measurements have been made on He+ ions in helium by 
Rudnick^, who finds the following values: 


' 

Energy of ion in kilovolts 

o 

7*5 

11 

15 

■ 21 

X/j at 1 mm. pressure 

■ 

•084 

•084 

•091 

•099 

L /2 1 mm. pressure 

30 

16 

1-06 

•80 

■65 


Scattering of Positive Rays, 

When a beam of hydrogen positive rays passes through a gas at 
low pressure the edges of the beam are blurred by scattering, as can 
easily be observed on a fluorescent screen. The angles of scattering 
involved are small, of the order of 1°. Measurements of this 
scattering have been made by one of the authors 2 , the scattered 
rays being detected electrically, photographically or by a thermo¬ 
couple. Of these, the first method is only suitable for rough 
measurements, because of uncertainty as to the state of charge of 
the particles. The photographic method was the most used, it 


1 

2 


ii. p. 


Rudnick, Phys. Rev. xxxviii, p. 1342, 1931. 

G. P. Thomson, Proc. Roy. Soc. cii. p. 197, 1922; Phil. Man 
1076, 1926; Zeits.f. Phys. xlvi. p. 93, 1927. 


. i. p. 961, 1926; 
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consisted in measuring the density of the diffused blackening at the 
edges of a beam of positive rays which struck a photographic plate 
after passmg through the scattering gas. The rays used were 
protons, made homogeneous as regards energy by selection from a 
beam deflected in an electric field. Their energies varied from about 
5000-25,000 volts and were thus more than those of the protons in 
the experiments of Eamsauer, Kollath and Lilienthal. The most 
mterestmg feature of the results is the variation of the scattering 
power with the velocity of the protons. As will be seen from Fig. 64, 



Velocity x 10—* cm./sec. 

Fig. 64. 

argoa and helium show maxima of scattering which recall those 
found by Ramsauer for electrons, and occur at velocities of the 
same order. Indeed in the case of helium the agreement is within 
the limits of experimental error. In this connection it may be 
noticed that the relation between ionisation and velocity is nearly 
the same for a-rays and electrons; indeed, according to the theory 
of p. 96, it should be identical. This seems first to have been 
pointed out by Ramsauer^, Measurements of the variation of 
scattering with the angle show a difference in behaviour between 
hydrogen and the inert gases, the variation being less rapid in the 
latter case. Over the range of angle investigated the results could 
be represented with sufficient accuracy by writing {8) = aS-^, where 

(8) d8 is the chance of a collision giving a deflection to the ray of 
from ^ to ^ + d8. 


The value of n for hydrogen is about 2 and for argon and helium 
1*35; it is independent of the energy of the rays over the range 


I Ramsauer, Jahr, d. liadioakt. ix. p. 515, 1912. 
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tested. Scattering according to the classical inverse square law 
corresponds to « = 3. Experiments have also been made by- 
Conrad^, who finds results in accordance with the inverse square law. 

Large angle scattering of positive rays has been studied by 
Gerthsen®, who used a Geiger counter, the number of particles 
scattered through these angles being small. This large angle 
scattering is due entirely to the nucleus, and, as might be expected, 

follows the inverse square law of force like the scattering of a-rays 
by heavy nuclei. 

The transmission of positive rays through thin sheets of solids 
such as gold foil, and the accompanying scattering, have been 
studied by von Traubenberg3 and by Homma4. 


Ionisation by oi.-Rays. 

The natme of the a-rays from radioactive 
substances was established in a series of researches 
by Rutherford. The deflection of the rays by 
electric and magnetic fields showed that they 
carried a positive charge, and the value of e/w was 
found to be the same as that of a hehum atom 
with two positive charges, or of a singly charged 
hydrogen molecule. The energy was found to be 
of the order of that acquired by an electron in 
falling through a potential difference of 4-7 million 
volts, depending on the radioactive substance 
which produced the rays, but the same for all the 
rays from any one substance 5. By enclosing 
radon (radium emanation) in a glass tube A 
(Fig. 65) thm enough to allow the a-rays to pass 
through, Rutherford and Royds found that enough 
helium appeared in the previously evacuated 
vessel T to show the characteristic spectrum in the discharge 

1 ^onrad,5;e//5./.PA^^.xxxvui.p. 465, 1926. For a replysee xl p 19 >6 

2 Gerthaen. Ann. d. Phys. Ixxxvi. p. 1025. 1928 ^ ’ 

5 See, however, p. 147. 


To Pump 



Fig. 65. 
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tube V. Control experiments stowed that the tube A was im¬ 
penetrable to helium in the ordinary state. The absolute value 
of the charge on an a-particle can be found if the total current due 
to the a-rays from a given source is known, and also the number 
of a-rays produced per second. 

Rutherford and Geiger in 1908 showed that it is possible to 

the ionisation it produces, and so 
actually to count the number emitted by a weak source. The 
method depended on magnifying the initial ionisation by collision. 
The apparatus is shown in Fig. 66. The detecting chamber A 
consisted of a brass vessel with a central insulated wire passing 


detect a single a-particle by 



Fig. 66. 


through ebonite plugs at the ends. This wire was connected with 
the detecting electrometer, while the outside tube was connected 
\vith the negative pole of a battery of accumulators, the other 
pole being earthed. The a-particles were admitted through a 
tube Z), the end of which was covered with a film of mica too 
thill to stop them. In this way it was possible to maintain a 
difference of pressure between A and the rest of the apparatus 
(which was exhausted), A containing gas at a pressure of a few 
centimetres of mercury. The active matter was in the form of a 
thill film of large area in the long tube and a calculable pro- 
jiortion of the a-rays entered through the stop-cock F. The 
strength and distance of the source were adjusted so that about 
three to five particles entered per minute, and each gave a throw 


of the needle of the quadrant electrometer, the charge leaking 
away through a high resistance of the order of 100 megohms. By 
using a string electrometer the rate of counting was later increased 


to 1000 per min. (see p. 176). The number found per gram of 
radium per second (without its disintegration products) was 
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3-5 X 10« The total current on the a-particles from a source 
of known strength was measured by allowing a known fraction to 
fall on a metal plate. To prevent the emission of slow electrons 
or S-rays (see Chap, v) from falsifying the result there was a 
niagnetic field near the plate, which formed the back of a shallow 
lidless box. In this way the electrons were bent back and pre¬ 
vented from escaping from the box. The result in combination 
with that of the counting experiment showed that the charge on 
each particle was equal to twice the charge on an electron to the 
limit of accuracy with which the latter quantity was known, and 

more recent determinations of both quantities have confirmed this 
result. 


Bragg Curves. 

In an examination of the ionisation due to the a-rays from 
polonium, Mme Curie showed that the ionisation did not diminish 
exponentially ^vith the distance that the rays had passed through 
the air since leaving the source, but was zero beyond a certain 
distance, and rapidly increased within this distance. Taking the 
view that the ionisation by these rays was a case of ionisation by 
collision, W. H. Bragg suggested at the Dunedin meeting of the 

Association for the Advancement of Science in January 
1904, that such a result could be explained if one supposed that the 
rays went through the air approximately in a straight line, ionising 
and osing velocity until their velocity was so reduced that they 
could ionise no more. Bragg and Kleemaa' confirmed this idea 
experimentally, and made the first measurements of the range or 
distance which an a-particle could go through air without losing 
Its power of ionisation. Bragg’s experiments inyolyed the measuring 
of the ionisation produced by a parallel beam of rays at difierent 
distances from the source, and curyes showing this relation are 
known as Bragg’s curves. Two such curves from experiments by 
I. Curie are shown in Fig. 67. They show a strongly marked maxi¬ 
mum near the end of the range. It will be noticed that the end part 
of the curyes is roughly the same in each case; this is to be expected 
since the particles from all sources are identical except in speed’ 
and rays from RaC' after passing through sufficient air (about 3 cm.) 

I Bragg and Klecman, Phil. Mag. viii. p. 719. 1904. 


TC E II 


lO 
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to reduce the speed of the particles to that of those emitted by 
polonium should be identical with them. The only possible dif- 
ference could lie in a scattering of the first beam by the collisions 
With the air molecules. This scattering may be of two hdnds: the 
sideways scattering, to which the name is often restricted, such as 
can often be seen near the end of the trade of an oc-ray in a Wilson 
chamber (Plate IT, Vol. i), and a longitudinal scattering Im own 
technically as ‘ straggling ’ due to the random nature of the collisions 


1*1 



0 1 2 3 4 5 6 7 7-5 

Distance in cm.inAiT at7607nm,andl3'’C 

Fig. 67. 

of the rays with the gas molecules. In consequence of this the 
individual particles will not all have lost exactly the same amount 
of energy after travelling through the same distance in air. This 
effect is the cause of the small ‘foot’ to the curve extending over 
perhaps a millim etre. When the experiments are sufficiently re¬ 
fined it is found that the last part of the curve approaches the axis 
asymptotically so that the extreme range depends on the delicacy 
of the means of detection. To get over this difficulty it is usual to 
take the so-called ‘extrapolated’ range which is foxmd by producing 
the tangent at the point of inflection to cut the axis as shown in 
Fig. 67. The investigation of the effect of straggling by means of 
the theory of probability leads to considerable mathematical 
complication 

1 Darwin, Phil. Mag, xxiii. p. 901, 1912. Flamm, Wien. Ber. exxiv. p. 597, 1915. 
Bohr, Phil. Mag. xxv. p. 10, 1913; xxx. p. 581, 1915. 




IONISATION BY POSITIVE IONS 


147 


A detailed discussion of the experimental results is given in 
Radiations from Radioactive Substances, Rutherford, Chadwick and 
Ellis, p. 112. They show good agreement in form with the require¬ 
ments of the theory, but the observed straggling is throughout 
about 1*4 times as large as that calculated. The difference would be 
explained if the collisions involving loss of energy are about twice 
as numerous as supposed by Bohr. The extent of the straggling 
increases, of course, as the distance from the source increases, but 
the rate of increase is greatest at the beginning, and at the extreme 
end, of the range. The collisions which give rise to most of the 
sideways or true scattering have little effect on the straggling. 

Rays of Abnormal Range. 

Rutherford has recently shown that RaC and ThC give rise to 
a very small number of a-rays of abnormally long range, up to 
11*5 cm. The number of these long range particles, of the order 
1 in 10^, is so small that their effect can be neglected in most experi¬ 
ments on the ionisation by rays, but they seem likely to be of 

great importance in the study of the mechanism of radioactive 
disintegration. 

It IS now known*, as a result of observations of the magnetic 
spectra of a-rays, that some substance, e.g. Th C and actinon, give 
a-rays which are by no means uniform in energy. The spectra 
show lines corresponding to groups of rays, each group being fairly 

homogeneous in velocity, and the numbers in the different groups 
being of the same order of magnitude. 


Experunental Methods. 

The usual method of investigation of ionisation is to determine 
the ionisation in a shallow chamber with its plane normal to the 
beam. If the chamber is placed at different distances along the 
range each such experiment will give a point on the Bragg curve. 
In order to increase the dimensions of the ionisation chamber it is 
convenient to work at reduced pressure. The type of apparatus 
recommended by Geiger {Handbuch der Physik, xxix. p. 155) for 


1 Roscnblum, Comptes liendus, cl.xxxviii. p. 1401, 1928; c.xc p 
Alme Curie and Rosenblum, Cojnpfes Jicmlus, cxciii. p. 33, 1931 . 


1124, 1930. 


10-2 
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strongly active substances is shown in Fig. 68. The tube G is 
about a metre long, closed at the bottom by a mechanism (not 
shown), which enables the radioactive source at T to be raised and 
lowered as required. The plate is connected to the electrometer, 
the gauze ^ to a battery and B to earth. In this way the space 
between P and A serves as the ionisation chamber, while B 



Fig. 69. Pressure 

prevents the diffusion of ions from the tube. With a pressure of 
6 cm. of mercury the range of the a-rays from RaC' becomes about 
90 cm., and by altering the position of T the variation of the 
ionisation near the end of the range can be determined with great 
accuracy. The width of the ionisation chamber is only about one- 
two-hundredth part of the total range under these conditions, so 
that ordinates of the Bragg curve can be drawn close together. 

For feebly active substances the method used for measuring 
ranges by Geiger and Nuttall is suitable. The source P is placed 
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in the middle of a metal sphere K insulated from it. The current 
bet\sreen K and P is determined for varying pressure of the air in 
the sphere. For low pressures at which the rays reach to the walls 
of the sphere the ionisation will increase with the pressure, but 
when the pressure reaches such a value that the rays are absorbed 
before reaching the sphere, further increase of pressure will give 
no increase in the number of ions. Curves obtained in this way 
are shown in Fig. 69. 

The following table shows the comparative range of particles 
from RaC' in various gases as determined by Taylor and Bates: 


Gas 

Range (cm.) 

Gas 

Range (cm.) 

Air 

Oxygen 

Hydrogen 

6-97 

629 

3M2 

Helium 

Neon 

Argon 

Krypton 

Xenon 

39-7 

11-9 

7-5 

5'24 

3-86 


In all ionisation work with a-rays, difficulty is found in getting 
the true saturation current. This is because the ionisation is very 
intense, and the chance of recombination is initially very large 
owing to the density of the ions of both signs. It is easier to saturate 
the current if the field is perpendicular to the tracks, since this 
quickly pulls the ions apart. Reduction of pressure also helps by 
increasing the mobility of the ions and so reducing the time they 
spend in the densely ionised region of the track. 

It has been suggested that the apparent maximum of the Bragg 

curve 13 really due to straggling, and that the fall at the end should 

e sudden. I. Curie, from measurements of the straggling in an 

expansion chamber, has concluded that the true ionisation curve for 

a single particle is not very different from the Bragg curve as 
ordinarily found. 

Feather and Nimmo ^ have measured the density of photographs 
of tracks of a-rays in a Wilson chamber. From the density of the 
photograph they can find the amount of light scattered per milli¬ 
metre of the track. This varies along the path in almost exactly the 

I Feather and Nimmo, Proc. Cainb. Phil. Soc, xxiv. p. 130. 1928. 
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same way as the Bragg curve after allowance has been made for 
straggling, and so supports the view that the maximum of the 
latter is a real effect. They find that the maximum track density 
occurs at a distance 3 mm. from the end in air. The maximum in 
helium and hydrogen occurs when the velocity of the a-rays cor¬ 
responds to a residual range in air of 2*55 and 2*25 mm. respectively. 

The shape of the Bragg curve varies with different gases, the 
tendency is for atoms of low atomic number to give a steeper rise to 
the maximum, the effect being most marked for hydrogen. This is 
illustrated in Fig. 70 from a paper by Taylor^ which shows the 
curves for CII 4 , CgHgCl and C 2 S. The pressure in the different 
gases is so chosen that the range is the same in all. Gibson and 

Eyring^ have found that the curves for NgO, NO, and air are very 
similar. 



The total number of ions produced by the absorption of an 
a-ray from a known source can be found either by integration of the 
Bragg curve of a source of known strength, or by direct measure- 

1 Taylor, Phil. Mag. xviii. p. 604, 1909; xxi. p. 571, 1911; xxvi. p. 402, 1913. 

2 Gibson and Eyring, Phys. Rev. xxx. p. 553, 1927. 
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ment. If the initial energy of the rays is known from deflection 
experiments, the work required to produce an ion can be calculated. 
Rutherford considers that the most probable value for this quantity 
in air is 35 volts. 

Measurements by Kleeman^ of the relative total ionisation of 
a number of gases are shown in the table. It will be seen that they 
are closely parallel to the corresponding quantities for electrons. 
This is not surprising since in both cases most of the ionisation is 
secondary, caused by electrons ejected from the atoms. 


Relative Total Ionisation 

Gas 

Electrons 

a-rays 

Air 

1-00 

1-00 

COg 

108 

1-08 

C 4 H 10 O 

1-23 

1-32 


' 1-31 

1-35 

CeH« 

1-20 

1-29 

C^H^Cl 

1-33 

1-32 

CHCI3 

1-34 

1-29 


Double Ionisation. 

Wilkins^, following on work by Millikan3, has found evidence 
of double ionisation by a-rays in helium. Wilkins’ method was to 
watch an oil drop in an apparatus of the type used by Millikan in 
his determination of e. The gas surrounding the drop was ionised 
by a-rays, and the field was such that only the positive ions were 
driven on to the drop. Changes in the motion of the drop occur 
whenever it gains a charge, and from the magnitude of the change 
Wilkins could tell what multiple of e was transferred. Allowance 
has of course to be made for chance coincidences, and when this 
was done there was no evidence of double ionisation in air, hydrogen 
or mercury dimethyl (these together with carbon dioxide, carbon 
tetrachloride and methyl iodide had previously been tested with 
negative results by Millikan, Gottschalk and Kelly). In helium, on 

1 Kleeman. Proc. Hoy. Soc. l.xxxiv. p. 16, 1910. 

2 Wilkins, Phys. Rev. xix. p. 210, 1922. 

3 Millikan, Phys. Rev. xviii. p. 456, 1921. 
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the other hand, there were up to 15 per cent, of doubles, only about 
2i per cent, being required by the theory of probability. The double 
charges were relatively most numerous near the speed of maximum 
ionisation, but extended over ranges of the a-rays (in helium at 
atmospheric pressure) of from 4-30 mm. Since it is unlikely that 
much of the secondary ionisation is double, it is probable that at the 
maximum of ionisation about half of the primary ionisation is 
double. Gerthsen (p. 136) found that fast protons of 100,000 volts 
and upwards produced a considerable amount of double ionisation 
m helium. In the positive rays themselves multiply charged atoms 
are common for all elements except hydrogen and, curiously enough, 
helium, but they may have been produced by electron impact 
(see p. 89) or repeated ionisation. 

Loss of Velocity of oi-Rays. 

The reduction in velocity ^ of a-rays due to their passage through 
matter may be studied by means of an arrangement similar to that 
shown in Fig. 71. The rays from the source, an active wire, pass 



through layers of absorbing material placed close to it, and then 
through the slit B parallel to the wire, till they reach a photographic 
plate at P. 

The whole is in an exhausted chamber and placed between the 
poles of a large and powerful electro-magnet whose lines of force 
are parallel to the slit. This field is reversed at intervals so that, 
for homogeneous rays, two lines appear on the photographic plate 
at a distance 2d apart. For small values of d the velocity of the 

I Rutherford, Phil. Mag. xii. p. 134, 1906. 
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particles is inversely as d. Geiger^, who used a fluorescent screen 
to detect the rays, found that in the case of mica V^= a (i?— x), 
where x is the thickness of material through which the rays have 
passed and R, a are constants. This relation is now known not to 
be exact, especially near the end of the range, and it has received 
no theoretical explanation. While it must be regarded as of the 
nature of an accident, it holds for a-rays for a good part of their 
range in atoms of moderate atomic number, and is very convenient 
for rough calculations. If it be supposed that the loss of energy is due 
to ionisation and that a constant amount of work is expended by an 
a-particle at all speeds in producing a pair of ions, then it follows 
(see p. 135) that the chance of ionisation varies as F“^. This ceases 
to be even roughly true on the low velocity side of the Bragg 
maximum. Rutherford and others foimd that it was very difficult 
to follow the a-particles by the above method to velocities less than 
about -4 times that of the initial velocity of the rays from RaC', 
corresponding to a range of 4-5 mm. in air. This is now known to 
be due to the fact that a-particles, like positive rays, lose and gain 
charges from the molecules of gas through which they pass, the loss 
of charge being specially marked at the lower speeds. Thus, in a 
high vacuum, rays which have passed through an absorbing sub¬ 
stance will showin an apparatus like Fig. 71, in addition to the normal 

lines, an undeflected line due to neutral atoms, and one line on each 
side at half the normal distance due to atoms with only a single 
charge. If the vacuum is poor, as it was in the earlier experiments, 
there is a loss and gain of charge due to collisions with the gas mole¬ 
cules during the passage through the magnetic field, and the lines 
are smudged. As the velocity is decreased the particles reach a state 
of statistical equilibrium in which they are doubly charged only for 
a fraction of the time. There is now only one deflected band, corre¬ 
sponding to a charge between one and two units. If the charge is 
assumed unchanged this band will be interpreted as due to less de¬ 
flected (faster) rays than are actually causing it. 

Briggs 2 has made a careful study of the effects with mica as 
stopping material. Four slits were employed giving rise to four 
undeflected and four fully deflected lines on each plate. Besides 

1 Geiger, Proc. Roy. Soc. l.xxxiii. p. 505, 1910, 

2 Briggs, Proc. Roy. Soc. cxiv. pp. 313, 341, 1927. 
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Distance in cm. 
traversed in air at 
15® C. and 760 mm. 


0 

0*5 

10 

1*5 

2-0 

2-5 

30 

3'5 

40 

4- 5 
50 
5*5 

5- 8 

6 - 0 
6-1 
6*2 
6-3 
6-4 
6*5 
6'6 


Distance from end 
of mean range 
in cm. of air 


6-9 

6-4 

5-9 

5'4 

4-9 

4-4 

3-9 

3-4 

2*9 

2-4 

1-9 

1*4 

1-1 


0*9 

0-8 

0-7 

0-6 

0-5 

0*4 

0*3 



V/Vq calculated 
by Geiger’s rule 


0*828 

0*790 

0*746 

0*696 

0*638 

0*563 

0*504 

0*455 

0*427 

0*396 

0*361 

0*322 

0*278 

0*222 


0*892 

0*861 

0*827 

0*790 

0*749 

0*703 

0*651 

0*588 

0*542 

0*507 

0*488 

0*466 

0*443 

0*417 

0*387 

0*352 
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showing lines due to Iie+ his photographs show a marked broad¬ 
ening of the deflected lines, after passage through a considerable 
quantity of matter, due to the straggling discussed above. Briggs 
expressed his results in terms of the reduction in velocity in air by 
finding the stopping power* (see below) of his mica screens as 
compared with air. Instead of using the extrapolated range, he 
deduced a mean range of 6-90 cm. and the table opposite is expressed 
in terms of this. The results are shown graphically in Fig. 72. 

Here Fq, the initial velocity of the a-rays from RaC', is 

1-922 X 10® cm./sec. Curve 1 is experimental, curve 3 is calculated 

from Geiger s formula and curve 2 is from some experiments by 

Marsden and Taylor. It will be noted that Geiger’s formula is in 

error by 50 per cent, for the lowest observed velocities. Kapitza ^ 

has measured the energy of the a-rays at various points of their 

range directly from the heating effect, and also from the curvature 

of the Wilson tracks in a strong magnetic field. The results agree 

with those of Briggs. He finds the same shape of curve for CO, as 
for air. 

Briggs’s measurements lead to the conclusion that the maxi¬ 
mum rate of loss of energy occurs about 6 mm. from the end of the 
range. This does not agree very well with the measurements of 
I. Curie and Nimmo and Feather (p. 149), who found 4-5 and 
3 mm. respectively for the position of maximum ionisation. While 
It is possible that the mean energy per ion pair varies with the 
speed of the a-ray, it is not very likely, as the energy is nearly the 
same for very different modes of ionisation. 

Blackett and Lees^ have investigated the last 2 mm. of the 
range by the method of recoil atoms. When a-rays are examined 
by the Wilson track method a certain number of forked tracks are 
observed, due to close collisions of the a-particle with the nucleus 
o a gas atom. If these tracks are photographed from two directions 
It IS possible to calculate the angles which the two branches make 
with the original track, and to find the lengths of the branches. In 
the particular case in which the gas atom is helium, the two branches 
are necessarily at right angles, and the velocities t/, V' of the 

1 Kapitza, Proc. lioy. Soc. cii. p. 48, 1922. 

2 Blackett and Lees, Proc. Potj. Soc. cxxxiv. p. 6o8, 1932. 
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particles are given by V' sin^=^U sin <f> (see Fig. 22). If the 
velocity corresponding to the longer track is taken from Briggs’s 
results, that for the shorter track can easily be found. 

Blackett finds the following mean result; 


Range in mm. reduced to air at 760 mm. 15° C 
Velocity of a-particle x 10“® 

0*5 

1*22 

1*0 

2-00 

20 

3-30 


These numbers fit approximately the equation E = 
which also fits Briggs’s results up to 6 mm. range. See also p. 174. 

Stopping Power, 

The retarding effect of matter on a-rays is often described by 
what is called the 'stopping power.’ This means the decrease in 
range in air due to the absorbing screen, thus if an a-ray has its 
residual range reduced from 7 cm. to 6 cm. by a piece of mica, the 
stopping power of the mica is 1 cm. It was supposed at first that 
the stopping power w^as independent of the residual range of the 
a-particle used, i.e, of its velocity. While this is nearly true for 
some substances such as aluminium or mica for which the atomic 
numbers of the elements are not very different from those of air, 
it is quite untrue in the case of heavy elements. For example, 
it appears from some experiments by Marsden and Taylor^ that a 
gold foil of 4 mg. per sq. cm. reduced the velocity of a-rays from 
RaC by the same amount as 1*43 mg. of mica, at the beginning of 
the range, while near the end foils of 4*10 mg. reduced it only as 
much as 1*19 mg. of mica. This fact greatly reduces the value of 
the conception of stopping power as a quantity reckoned in centi¬ 
metres of air, but it is still useful for rough calculations. 

The ‘ atomic stopping power ’ s is defined as follows: let a thick¬ 
ness t of an element of density p and atomic weight A cause the 
same change in velocity as a thickness of a standard substance of 
density and atomic weight then s = Po^oAlptA^, The stand¬ 
ard substance is usually air, for w^hich Aq is taken as 14-4. Bragg 
and Kleeman^ in their early experiments came to the conclusion 

1 Marsden and Taylor, Proc. 5oc. Isxxviii. p. 443, 1913. 

2 Bragg and Kleeman, Phil. Mag. x. p. 318, 1905. 


|l 
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that s ccVA approximately, and that the stopping power is 
additive for complex molecules. Since s depends on the velocity, 
except for the standard substance, the square root law cannot be 
strictly true. For many substances, however, no measurements of 
the variation of stopping power have been made, and it is interesting 
to see how nearly the rule holds for some particular energy of rays, 
von Traubenberg* has made more recent measurements for a 
number of substances by the scintillation method. He used a wire 
coated with RaC as a source. The rays passed through a wedge of 
the material to be tested and struck a zinc sulphide screen on the 



Fig. 73. 

other side The thickness of the wedge was measured where the 
rays just faded to penetrate. Allowing for the previous path in air 
the range oyer which the stopping power was taken was from 

Fit in 

th ^ iins pointed out 

that the rule * oc Z^, where Z is the atomic number of the element, 

fits about as well as Bragg’s rule. On Bethe’s theory the stopping 

of n good deal on the nature of the outer ^llyer 

electrons; the inert gases and Cu, Ag, Au, should show specially 

igh values. Philipp * finds that though the additive rule holds for 

gases and some liquids, it gives rather too small a result for the 
associating liquids water and alcohol. 


1 von Traubenberg, Zeiis.f, Phys. ii. p. 268, 1920. 

2 Philipp, Zeits.J. Phya. xvii. p. 23, 1923. 
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Yariation with Velocity of Stopping Power and 

Ionisation Energy, 

In the case of air the value of dTjdx, where T is the Mnetic 
energy, is nearly parallel with the Bragg curve. This is shown in 
Fig. 74, in which Briggs has compared this quantity (curve 1) with 
ionisation curves due to Henderson (curve 2) and Curie and 
Behounck (curve 3), The conclusion is that in air the energy to 
produce a pair of ions is the same all along the range. 

It is of interest to state the connection between the stopping 



power, ionising power, and energy per ion pair in a general form. Let 
^'o ~ /o (F) be the law connecting residual range with velocity in 
air, (V) the corresponding law for some other substance b, 

and let S be the stopping power of b with respect to air. Then 


or 


dV_ ^ 

dry. dr^ 


j. 


b ^^b 

where ff is the derived fxmction of/^. 

Thus/„,/6 will be the same except for a constant factor if, and 
only if, S is independent of V. If the variation of S with V is 
known,/ft can be found from/^'. 

Again, let the ionisations per unit path be 7^, 7ft respectively. 
Let Mha be the loss of energy per ion formed in air, M being the 
mass of the a-particle. Then 

- r//.'(V), 

SO that = yi^afa iT) and similarly for 
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The ratio of the total ionisation by a particle of range Rj, and 
velocity Yq in substance b to that in air is 

y/h.dv 

Vo 

vlK.dv 

Fo 

This is the quantity plotted in Fig. 76 against as abscissa. The 
ratio of the ionisation per unit path in the two gases/or the same V 




Fig. 75. 



k 

, where , kj, are reckoned as for velocity F. Since k^ is 


approxinaately constant, oc . 

•f 6 ^ 

It IS not the case, however, that if oc S the Bragg curve of 6 
IS Identical in shape with that of air (unless S is also independent 
o ), for otherwise the proportional ordinates, which come at the 
same V, will not come at the same fraction of the total range from 
e end. If and are expressed as functions of r^, , the condi- 

lon IS that at rJR^ is equal to /„ at r^/R^. The fulfilment of this 

condition will m general involve the particular value of chosen. 
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and so does not represent any fundamental property of the 
substance. 

Gibson and Gardiner * find that the values of for Hg, He, Hg and 
Ar are independent of the velocity. Those for oxygen and methyl 
iodide vary, but only by about 2 per cent, in the first case, while in 
the latter case the figure does not appear to be given. This is con¬ 
trary to Gurney’s results (Fig. 74), which show the total relative 
ionisation for particles of a given range in air, and hence given 
energy. There is a marked variation with energy in the case of 
Ha, He, Ne, and Ar, while oxygen shows little change. In Gurney’s^ 
experiments a pencil of rays from a polonium source passed through 
a mica window, and was completely absorbed in the ionisation 
chamber. The range of the rays entering the chamber was adjusted 
by varying the pressure of gas between the source and the mica 
window. The following table of Gurney’s results, adjusted by 
Rutherford, shows the average energy spent per pair of ions of a 
range of 7 mm. compared with the ionisation potential. 


Gas 

1 

• 

Atomic 

number 

Energy spent 
per ion pair 
(volts) 

Ionisation 

potential 

(volts) 

Energy 

difference 

(volts) 

- ■ — “ 1 

Hydrogen 

1 

330 

16-5 

16-5 

Helium 

2 

27*8 

24-6 

3-2 

Nitrogen. 

7 

350 

170 

18-0 

Oxygen 

8 

32-3 

15-5 

16-8 

Neon 

10 

27-4 

21-5 

5-9 

Argon 

18 

25-4 

15-3 

10-1 

ICrypton 

36 

22-8 

? 13 0 

? 9-8 

Xenon 

54 

20*8 

1 

? 110 

1 

? 9-8 


The difference in the case of helium and neon is surprisingly 
small; one would have expected the rejected energy left after the 
primary electrons have had their energies reduced below the ionisa¬ 
tion potential, to account for more than this. 

Fig. 75 contains Gurney’s measurements of the variation in 
stopping power of various substances with speed of the rays. 

1 Gibson and Gardiner, Phys. JRcv. xxx. p. 543, 1927. 

2 Gurney, Proc. Roy. Soc. cvii. pp. 332, 340, 1925. 
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Actually the graphs are plotted against the residual range in air 
of the a-particle, but the conversion can be made by the aid of 



the graph in Fig. 72. It will be seen that there is a tendency for 
the atomic stopping powers to converge at slow speeds. 


Loss <in(l Gain of Charge. 

Henderson* was the first to discover that a-rays did not always 
have a double charge, %ut could pick up an electron at quite high 
speeds, and at lower speeds lose their charge entirely. \V(^ have 
already seen how this complicates the measurement of velocity. 


I HeiKlorson, Proc. Roy. Soc. cii. p. 490, 1922; cix. p. 157, 1925. 
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Rutherford* has investigated the efEect using the apparatus shown 
in Fig. 77. The rays from a line source pass through an ab¬ 
sorbing sheet of matter N and a slit S and are deflected by a 
magnetic field. He detected the rays by counting the scintillations 
which they produced on the screen ACDE. Fig. 78 shows the 
result when the emergent range of the a-rays was 1-2 cm., the 
vacuum in the chamber was good. If is the mean free path 
for capture (He'*"‘'->'He'‘’) and A 2 for the reverse change, then 
^ 1 /^ = where are the numbers of He+'*' and He'*' 

particles respectively, assuming that statistical equilibrium has 
been reached in the absorbing screen. Henderson has shown that 
the ratio is the same for a variety of materials, aluminium, mica, 
copper, silver, and gold, for a given velocity of rays If a small 
quantity of air is introduced into the chamber the intensity of the 
band corresponding to He-*- will diminish, for some of these particles 
will lose an electron. If this happens at, say, P (Fig. 77) the ray 
will then proceed along the dotted line to Z), and cease to be counted 
in either group. By noting how the number of particles in the He*** 
group varies with the pressure it is possible to calculate A 2 . Assuming 
that the ratio iVi/iVg is the same for air as for mica, A^ can then be 
found. 


Rutherford finds the following values: 


1 

Velocity in 
terms of Vq 

Aj/Aj for mica j 

Mean free path 
for loss in ' 

air at n.p.t. 

(mm.) 1 

h-i 

Mean free path | 
for capture in 
air at n.p.t. 
(mm.) 

i 

0-'J4 

1/200 ! 

0-011 

t 

2-2 

0-70 

1/67 

0-0078 

0-52 

0*47 

1/7-5 i 

1 

00050 

0-037 


He finds that varies approximately as the velocity over the range 
examined. The chance that a He-*- particle should lose an electron 
is thus inversely as the velocity, like the chance that an a-ray 
should ionise on Geiger’s law. The ratio Aa/Aj^ varies rapidly with 

X Rutherford, Phil. Mag, xlvii. p. 277, 1924. 

2 Even uncovered eourcea show the effect with about the same ratio of *Vi/A’^ 2 - 
Rutherford considers that this is probably due to the radioactive material collecting 
in Little lumps instead of forming a thin layer. 
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the velocity, about as (Briggs); it becomes unity at a velocity 
of about 5*5 x 10® cm./sec. It will be noticed that the variation 
is in the same direction as that of the corresponding quantity 
w for protons. In both cases the slower the speed the greater 
the proportion of particles which have acquired an electron when 
the beam is in statistical equilibrium. The ratio is unity at a 
higher speed for the a-rays than for the positive rays; one would 
expect this, since the ionisation potential for to He"*"*" is about 
54 volts, against 13-6 volts for hydrogen. 

From some experiments on hydrogen, Jacobsen * concluded that 
particles of velocity *94 Fq had very little chance of picking up 
electrons from the molecules of this gas. At *3Fo Rutherford found 
that they could do so easily; there is theoretical reason for supposing 
that Ai should vary rapidly with the velocity in this gas. 



We have seen that one consequence of the interchange of charge 
was to mask the existence of slow a-rays, and to make it appear as 
if a-rays disappeared when going with considerable speed. Some 
experiments by Kapitza^ bring out this point very well. He photo¬ 
graphed the tracks of a-rays in a strong magnetic field and measured 

the curvature. If e' is the average charge of the particle, Hp = 

Fig. 79 shows the value of e'/V plotted against the range. The 
tracks were in hydrogen at reduced pressure. There is a broad 
maximum for e'/F, and, as far as the magnetic deviation goes, it 


1 Jacobsen, Pftil. Mag. x. p. 401, 1930. 

2 Kapitza, Proc. Poy. Soc. cvi. p. 602, 1924. 
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would seem to anyone ignorant of the change in c' as though there 
were a minimum value of F. 

Fig. 78 shows that neutral helium atoms also appear. They 
give feeble scintillations. Rutherford {loc. cit.) estimates that the 
mean free path for conversion of He into He+ was about 1 /lOOO mm. 
or about a fifth of the mean free path for conversion of He+ into 
He++ for a velocity Of the total range of 6-90 cm. of a RaC' 

particle about *50 cm. is spent as a singly charged ion, and the pro¬ 
cess of loss and gain of charge probably occurs several thousand 
times, mostly in the last few millimetres. 


Theory of Loss of Energy. 

The classical theory given in the previous chapter of the loss of 
energy of cathode rays in passing through matter should apply 
equaUy to protons and a-rays with a suitable change of mass and 
charge. In these cases also, collisions with the nucleus, though im¬ 
portant for scattering, produce no appreciable loss of energy. The 

transfer of kinetic energy in a collision with an electron, initially 
at rest, has been shown to be 


Q = 




mV^ >2 ^ 2 > 

where IS the mass of the electron, E is the charge on the particle 
of velocity V, j, the perpendicular distance from the original 
position of the electron to the initial path of the particle and 

mMV'^ » where M is the mass of the particle. Since M is 
veryjarge compared with m both for protons and for a-rays, 

hiV~^ longer appears. The maximum value 

of (? occurs when p = 0 and is V\ The electron in this case is 
given tv,ace the velocity of the particle. As we shall see, the maxi- 

produced by rays in gases is about 
Us ice that of the a-particles. In this case the work done by the 
0-ray m escaping from the atom is relatively small. 

By a similar argument to that in the last chapter it may be 
shown that the chance of a transfer of energy between (? and 
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C\ X jCk * 

V "T V IS —pgp path, where n is the number of 
electrons per c.c. in the material, and the retardation is given by 

_ ^ 2^E^e^n.dQ 

dx j mV^Q~ ’ 

The lower limit of the integral requires discussion. It cannot be ■ 
taken as zero, for this would make the integral infinite. Bohr (see 
p. 109) got over the difficulty by considering the electrons as subject 
to restoring forces. The transfer of energy then becomes much re¬ 
duced if the time of collision is large compared with the free period 
of the electron, and the part of the integral for which Q is small no 
longer gives an infinity. For a-rays Bohr's formula is 


_ ^ 1 _ 1-123 V^Mm 

dx mV^ ^ {M. -f- 7 W)' 

where is the frequency of the rth electron in the molecule, and 
there are N molecules per c.c. Bohr took values of found from 
the Lorentz dispersion formula for various gases. The calculations 
show remarkable agreement with experiment in the case of hy¬ 
drogen and helium, but for the heavier gases the calculated stopping 
power is more than the observed. Henderson ^ supposed that the 
minimum value of Q is that corresponding to ionisation. Hence 


dr 

dx 


STre^n 

InV^ 



where 4TF = 2mV^ is four times the kinetic energy of an electron 
moving with the velocity of the a-ray, and J is the work required 
to ionise the molecule. Since only the ratio W/J occurs in the ex¬ 
pression, W and J may conveniently be expressed in equivalent 
electron volts. He also introduced a term depending on the excita¬ 
tion potentials. Fowler^ criticises the way in which this was done 
and suggests replacing J by the lowest excitation potential t. For 
atoms with more than one level a summation must be made over 
the different levels of electrons using an appropriate value of t for 
each. For a-rays over most of their range the variation of the 
logarithm is negligible and we can write 

X = Mn, f *‘’8 J, ’ 

1 Henderson, Phil. Mag. xhv. p. 680, 1922. 

2 Fowler. Proc. Camb. Phil. Soc. xxi. p. 521, 1923. 



IONISATION BY POSITIVE IONS 167 

where TT is a mean value of W over the range Vo -v F. Fowler 

4 W 

writes 2 log ^ — S, which he calls the atomic stopping power, 

N being taken as the number of atoms per c.c. Fowler finds that 
over the range 1 to -9 of the velocity of the a-particle of RaC 
(1-922 X 10® cm./sec.) the ratio (S caIculated)/(5 observed) varies 
from -49 for hydrogen to -72 for gold. As in the case of cathode 
rays (p. 99) Thomas and Williams have pointed out that the 
motions of the electrons in orbits, if they exist, would increase the 
stopping power and bring about a rather better agreement. 

The following table, due to E. J. Williams, gives a comparison 
of the different theories for a-rays of velocity 1-88 x 10® cm./sec. 
corresponding to 1000 electron volts. 




i • I 

1 Calculatccl stopping power per electron 

1 

Gas 

i 

Observed 
stopping 
j power per i 

electron 

Bohr 

theorv 

V 

1 

Henderson 

theory 

i 

Revised 

Henderson 

theory 

H, 

He 

N, 

O, 

Ne 

4 

12*0 

100 

81 

7-7 

71 

1 

12-8 

11-9 

10-4 

10*5 

10*2 

6-1 

5*3 

4*8 

4*8 

4*7 

8*2 

(5*9 

7*1 

7*1 

7-4 ! 

• 


The basis of Henderson’s theory is less firm than the corre¬ 
sponding assumption for cathode rays, for we do not know for 
certain that there is a minimum energy which an electron can take 

up from a massive particle, i.e. that there are ever elastic collisions, 
or what the minimum is if it exists. 

Bethe’s wave-mechanical theory (see p. 113) gives values in 
good agreement (10 to 15 per cent.) with experiments for the 
elements up to argon, beyond this the calculated stopping power 
gets progressively higher than the calculated, being twice the 
correct value for gold. He considers that the divergence is at least 
partially due to his use of hydrogen ‘ eigenfunctionen ’ in the calcula¬ 
tions. In confirmation of this Williams^ has calculated the following 

1 Williams, Proc. Roy. Soc. cxxxv. p. 108, 1932. 
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table of ranges in hydrogen, for which he has taken E as !•! times 
the ionisation potential or 17*6 volts. The agreement with the 
experiments is satisfactory. 


! 

Range in hydrogen at 15® C. 760 mm. pressure 

Initial velocity 

Range from 


X 10-» 

Bethe's formula 

Observed range 

2054 

39-2 cm. 

40*9 cm. 

1-923 

31-0 

32-7 

1-709 

20-3 

21-6 

1-592 

15-8 

17-3 

1-082 

1 

4-1 

5*7 


It will have been noticed that there is no trace in the theoretical 

formula of Geiger’s relation. According to this, is inversely as 

F, and as Fig. 72 shows, this result holds fairly well over a range Vq 

to 2/3 Vq. Assuming a formula of the type — ^ 2 log F^, 

clx V 3 

which most theories give, it is of interest to see how the variation 
of the logarithmic factor can modify the F-^ factor to give the 

right observed variation with F. Assuming that — ~ at Fp is 

CLX 

2/3 of that at 2/3 Fp, it is easy to calculate the value of the logarith¬ 
mic factor. It comes out as n log^ (3/2)« = 2*44w, where n is the 
number of electrons over which the sum extends. Thus the stopping 
power per electron should be 2*44. If the agreement with Geiger’s 
formula is taken over an infinitely short range the value becomes 2. 
Actually it is 8 for air. It might be supposed that the reason why 
air does in fact obey the Geiger formula is connected with the 
excitation of the electrons in the /sT-level in some cases but not in 
all, but the energy (about 380 volts for nitrogen) seems too small; 
they would be effective absorbers over the whole range of energy 
that needs to be considered. Blackett ^ has recently suggested that 
a large part of the discrepancy between theory and experiment for 

the slower a-rays is due to the loss of charge which occurs near the 
end of the range. 

1 Blackett, Proc. Roy. Soc. cxxxv. p. 132, 1932. 
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Theory of Ionisation. 

On the classical theory the primary ionisation is given by an 
expression of the form 


s Jj. mV^Q^ av-j. 

for a-rays; this only gives the number of electrons ejected, each 
will produce in general several pairs of secondary ions. 

For a-rays of different speeds the distribution of the S-particles 
in velocity does not vary much, so the proportion of total to 
primary ionisation will be nearly constant. According to the above 
expression the maximum ionisation should occur for a-rays of 
velocity V which makes mV‘ = J„, where is a weighted mean of 
the for the various electrons in the molecule. According to 
Feather and Nimmo the maximum occurs at a range of 3 mm. in 
air, which corresponds to a velocity of 4-28 x 10» and makes 
~ ^03 in electron volts. Using Fowler’s values for the ionisa¬ 
tion energies of and ignoring the i electrons which would not be 
ionised at these speeds, J„ = 24 volts. It thus appears that the 
theory completely breaks down for the slower rays. It must be 
remembered, however, that these slower particles have one or two 
electrons attached to them for a considerable fraction of the time, 
and this may greatly modify the ionisation which they produce. 

We have seen that the ionisation, in air at least, involves a 
nearly con.stant loss (35 volts) of energy per ion pair produced, 
howler finds that the number of electrons, including the primary 
one, due to a collision which gives the electron a kinetic energy Z 

after emission is about j for values of Z ^ 3J. The mini¬ 



mum energy to produce these ions would bo } (Z + J), while the 
energy taken from the ray is Z H- Hence three-quarters of the 
energy is effectively used in ionisation. Fowler’s expression neglects 
energy os.ses by excitation, which are probably small, and supposes 
that all the electrons removed require the minimum ionisation 
energy. Hence one would expect that the consumption of energy per 
ion pair would be something more than four-thirds of the orchnary 
ionisation potential, say about 23 volts in the case of air. The 
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difference between this and 35 volts must be attributed to excita¬ 
tion and dissociation of the molecule. 


Fowler has calculated the ionisation to be expected on the 
above theory using the expression 


ttN 


8e* 

mV^ 


5 


J 0 


3 Z -h dZ 

4 - j, ^-{z + j.r 


While the results are always of the right order of magnitude, they 
do not vary in the right way from element to element. 


Gas 

W in 

volts . . 

1000 

800 

600 

400 


T X 10-3 

Calculatpcd 

5-28 

6-35 

8-04 

1113 



Observed 

4-6 

4-8 

5-6 

8-3 

( 

• 

TjP 

Calculated 

4-4 

4-2 

4-0 

3-7 

He 

T X 10-3 

Calculated 

2-15 

2-56 

3-22 

4-40 



Observed 

4-6 

4-8 

5-6 

8-3 


TjP 

Calculated 

3-8 

3-6 

3-4 

31 

Air 

T X 10-* 

Calculated 

1-6 

1-9 

2-3 

30 



Observed 

2-2 

2-3 

2-7 

3-95 


TjP 

Calculated 

6-8 

5-4 

4-9 

! 4-4 

1 


Here T is the total ionisation and P the primary. 

Thus the observed values for Hg and He are the same, while 
the calculated differ by more than 2:1. 


B-Rays in Gases, 

The secondary character of a large part of the ionisation pro¬ 
duced by a-rays was first proved conclusively by Bumstead*, who 
showed that photographs of a-ray tracks taken in hydrogen at 
reduced pressure had short knobby projections sometimes reaching 
out a few millimetres. These are to be attributed to the tracks of 
secondary electrons, or 5-rays, ejected from the gas molecules by 
the a-rays with sufiicient energy to ionise on their own account. 
They have been studied by Wilson^, Chadwick and Emeleus^, and 
Auger 4. Figs, a and 6, Plate III, are taken from Auger’s paper. 

1 Bumstead, Phys, Rev, viii. p. 715, 1916. 

2 Wilson, Proc. Camh, Phil, Soc, X 2 d, p. 405, 1922. 

3 Chad^vick and Emel6tis, Phil. Mag. i. p. 1, 1926. 

4 Auger, Jour, de Phys, vii. p, 65, 192G. 














PLATE IV 



(a) 8 raj'S at beginning 
of track. 


{d) Branched discharge. 





IONISATION BY POSITIVE IONS 17X 

If ^ is the angle which the initial path of the S-ray makes with 
the a-rY track, the velocity of the S-ray is 17 = 2 F cos , so that the 
fastest S-rays will be sent out in a forward direction and have twice 
the velocity of the a-ray. Actually the scattering of the 8-rays in 
the gas IS so great, that Chadwick and Emeleus find no sign of a 
tendency of the rays to concentrate in a forward direction in the 
case of air or argon, but in helium and hydrogen the majority show 
a orward component. Even here, however, the scattering is too 
great for any quantitative agreement to be expected. The maxi- 
inum range of the S-rays due to an a-particle of range 8-6 cm is 
about 2 mm. in H,, 2-6 mm. in He and -45 mm. in air and argon, all 
.T.p These are about in the inverse ratio of the stopping 
power of the gases for a-rays. Only the faster S-rays can be ob 

ZTow r -1^-2 ®m. is about 

shLld r observable tracks. It follows that no S-rays 

ment <^his is in agrel 

ZSmTil IV, Fig. b). The law that the 

maximum velocity of the 8-ray is twice that of the a-ray holds 

h the accMacy of the experiments, thus Auger finds to polo- 

nium rays (velocity i " 10-») that the ma.xLum ray veto to 

4-05 x'^lO-o ’ito’ ^ °I velocity J x 4-12 x 10-= it is 

ranges, assuming Whiddington’s law. According to the theoTv tro 
number of S-rays with an energy greater than Q, JiorLg ^^wmk 
( one m separating the electron from the atoms, is 

STTe'^n / I I \ 

wF2 \Q ~ 2mry ■ 

The range is proportional to so that one can calculate the number 
of S-rays having a range in excess of /„. number 

excellenT’'"® and calculations there is 

excellent a£rrepm#»nf _.^i . . Lircie 


iVe = 


—- . - -- 

a-ray source 


N calculated 

1 

0 

observed 

1 

Polonium 

Thorium C' 

^ -25 mm. 

'h7 mm. 

•7 mm. 

4-9 

0()4 

1*6 

4-1 

00 

1-3 
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Theory of Ionisation by Positive Rays. 

The experiments of Gerthsen '(p. 135) show that over the range 
of 19—34: kilovolts the ionisation by hydrogen positive rays increases 
nearly in proportion to the velocity. As in the case of a-rays the 
classical theory predicts a maximum for air at a speed given by 
= 24 electron volts. This is equivalent to an energy of the 
proton of 21,600 volts, a value within the range in which a steady 
increase is observed, so that here again the simple theory fails. It 
must be remembered, however, that the theory applies to a bare 
proton while the hydrogen positive rays of this energy spend most 
of their time as neutral particles. Indeed the ionisation brought 
about by the alternate loss and gain of charge is a considerable 
fraction of the whole. No ionisation should occur for protons with 
energy less than J For hydrogen this gives 

15*9 X 1850/4 = 7350 volts. 

Goldmann (loc. cit.)^ p. 129, foimd that no electrons were set free by 
protons up to 4000 volts in this gas. 

As regards the range of the positive rays all one can say is that 
the theory gives the right order of magnitude. For 25*9 kilovolt 
rays the experimental range in air at 1 mm. pressure is 48 cm. If 
we follow Fowler and take two electrons with an excitation potential 
of 8 volts in the case of nitrogen, ignoring the other more strongly 
boimd electrons, the calculated range is about 80 cm. This is a 
very rough approximation, for it is uncertain how many electrons 
should be assumed to have the lowest excitation potential. For high 
speed rays the exact values taken for the potentials of the various 
electrons in the logarithmic term do not matter much, but here 
it is a question of what electrons are affected at all. It is probable 
that the linear variation of ionisation with velocity is merely an 
approximate result over a certain range of energy and, like Geiger’s 
law for a-rays, has no far-reaching theoretical significance. 

Fast Protons. 

If a particle of mass m, velocity F, collides with one of mass M 
initially at rest, then if M starts off at an angle (j> to F, we have 

for the velocity of M (Fig. 22), Z7 = 2F ^ cos (ji. If m is an 



IONISATION BY POSITIVE IONS 


173 

a-particle and M a proton, this reduces to Z7 = g F cos Now on 
any of the theories of loss of energy given above, the range of a 
proton win not be very difEerent from that of an a-particle of the 

dT 

same velocity. For the expression for — contains a factor 

which is four times as large for the doubly charged a-ray as for the 
proton, while T is and M is also four times for the a-particle 

what it is for the proton. The logarithmic term, it is true, may 
involve the energy, though in Bohr’s theory even this depends 
practically only on the velocity, but the variation in the logarithmic 
term is small, and even a factor of 4 inside it would not make much 
difference. For a rough calculation Geiger’s law may be assumed 
and then the range of the proton for which cos ^ = 1 will be 
(^)3 = 4-1 times that of the a-particle. 

Marsden observed that a-rays in passing through hydrogen 
produced particles which caused scintillations on a zinc sulphide 
screen far beyond the range of the a-rays. Rutherford has studied 
these fast particles in detail. From the electric and magnetic 
deflections he has been able to prove that they are indeed protons 

and to calculate their velocity. This comes out at 3*12 x 10® cm./sec. 

for the particles produced by the a-rays from RaC'. In this case 
f,y = 3-07 X 10®, in excellent agreement. The maximum range in 
aluminium of these particles corresponded to a range in air of about 
28 cm., taking the relative stopping powers of aluminium and air 
to be the same as for the a-rays. Since the range of the latter was 
6*90 cm. and 4*1 x 6*90 = 28*3, this is very satisfactory agreement. 
Leprince-Ringuet^ finds that the maximum rate of ionisation by 
a fast proton is about a quarter of that due to an a-ray. Ignoring 
capture of electrons this is in the ratio of the square of the charge, 
in agreement with the theory. 

These fast protons occur when any substance containing 
hydrogen is bombarded by a-rays. The number produced by fast 
a-rays is larger than is predicted from the inverse square law of 
force between point charges, and gives important evidence as to the 
effective size of the particles. In addition, Rutherford has shown 
that fast particles can cause the nuclei of the lighter elements to 

I Leprince-Ringuct, Comptcs liendus, cxcii. p. 1543, 1931. 
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emit protons of greater range, and sometimes of greater energy, 

than the original a-particles. It would take us far beyond the scope 

of this book to examine in detail these important and far-reaching 
results. 


Recoil Atoms, 


Blackett and Lees ^ Jiave studied tlie ranges of the atoms set in 
motion by nuclear collisions by a-rays. We have already mentioned 
the case "when the atom is one of helium. In the more general case 
the relations between mass and velocity, assuming conservation 
of energy and momentum, are given by 


M sin ijj 


m 


and 


U 

V' 


m 


sin ip 


(See Fig. 22.) 


sin (2^ + ip) V' il/*sin <p' 

The first equation determines the mass of the atom whose track is 
being examined, and the second gives its initial velocity, since the 
velocity of the a-particle after its collision can be determined from 
the length of its track. Experiments were made in a mixture of 


50 per cent, argon, 10 per cent, oxygen and 40 per cent, hydrogen, 
and in one of 50 per cent, nitrogen, 10 per cent, oxygen and 40 per 
cent, hydrogen. The experiments were not sufficiently delicate to 
distinguish between the nitrogen and oxygen tracks in the latter 
case, so a correction was made for the oxygen present. Results for 
oxygen and nitrogen are shown in Fig. 80. The ranges for argon 
are somewhat larger. Over a million tracks were examined to get 
these results, for though forked tracks are not rare, the fork is 
generally so near the end that the lengths of the branches cannot be 
accurately determined. For the ranges of protons (hydrogen 
nuclei), 69 forked tracks were measured; on reducing to the equiva¬ 
lent range in air at n.t.p. the following mean values were found: 


1 

Kangc in air 15® C. in mm. 

0-5 

1*0 

2-0 

30 

Velocity x 10“® cm./sec. 

2-11 

3-53 

5-13 

6-11 

Energy in volts x 10“® 

23-2 

65-2 

137 

196 

Range in air 15® C. in mm. 

40 

6-0 

8-0 

100 

Velocity x 10“® cm./sec. 

6-86 

7-90 

8-82 

9-55 

Energy in volts x 10“® 

246 

340 

406 

1 

476 


I Blackett, Proc. Hoy. Soc. ciii. p. 62, 1923; cxxxv. p. 132, 1932. Blackett and 
Lees, ibid, cxxxiv. p. 658, 1932. 
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The relation between R and U cannot be expressed as a simple 
power law, i.e. as oc U^, for n would vary from 1*2 at low speeds 
to 3*0 at 10® cm./sec. Fig, 81 shows the results for the slower speeds 



Fig. 80. 


sZ r' . 7 f and with those found by a 

Itol a? T f^eq«««cy of single scattering of the recoil 

th^nvers ^7"'" This last involves assuming 

the mverse square law of force between the proton and the nucleu: 

of the scattering atom. Blackett finds that the range of a slow speed 
this to the «-part,cle being more likely to acquire an electron than 
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the proton. The reduction of charge when this occurs would 
di mini sh the chance of ionisation and so the stopping power. 



The Detection of Single Particles'^. 

In Rutherford’s and Geiger’s original experiments on the 
counting of a-rays (p. 144), the ionisation caused by a single particle 
was multiplied by collision till the effect was sufficient to detect 
with an electrometer. The ionisation chamber was cylindrical with 
a fine wire along the axis, near this wire the field is intense enough 
to cause ionisation by collision. The method was improved by using 
a hemispherical chamber containing a wire with a small sphere at 
its end. In this form it could count up to 1000 particles per minute. 

Geiger has improved this type again by developing the sensitive 
point. This is a fine needle of steel or platinum which is heated 
before use till it glows. The sensitivity depends more on this 

I See Geiger, Handhuch d. Phys. xxiv., for an account up to 1927. 
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treatment than on the exact form or polish of the point. These 
counters will detect rays which pass through a small axial cone of 
air near the point (shown dotted in Fig. 82). Thus rays such as B 
or A are detected while C or Z> 
would not be counted, even if the 
wall were pierced to admit them. 

The counter works best with a 
positive potential on the needle. 

It works effectively over a range 
of voltage between about 1200 
and 1500 at atmospheric pressure, - Fig. 82 . 

and rather less at lower pressures. Geiger has shown that every 
a-particle IS recorded even down to a range of less than a miUimetre 
If successive particles follow one another with at least 1/100 sec’ 
interval. This lag is, apparently, mostly due to the time the ions' 
take to move into the strong field near the point. It can be reduced 
by fitting a button on to the needle in such a way that the point 
projects a short distance. In this way a uniform field is superposed 
on the inhomogeneous field of the point and ions are more quickly 
drawn to Its ne.glibourhood; this arrangement requires a higher 
potential to work it. With the needle counter Ays and eyen 
recoil atoms can be counted, and it has been adapted for use with 
positiye rays. The action of the point counter raises some in¬ 
teresting questions, for it is not clear why the action once started 
should stop. Zeleny considers that the surface of a needle in the 

currrnrso tfat tf'' resistance to the passage of 

held which prevents further ionisation It is for this 
tbat^^the surface condition of the needle L 'L tpAnTTe: 

be effectively comited, GeigeTanr M'lifiet'tlvTre tlie 

wire type which they have improved bv coatinv th. 
for X r ^ stopping the discharge. It can be used 

the^des^:fTi:eTu;T^^ 


t Geiger and Miiller, Phy,,, ZeiL<. 


xxix. p. 830, 1928. 
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One disadvantage of the point counter over the earlier type is 
that it is indiscriminate in its action and coimts a- and ^-rays alike. 
Geiger and Klemperer* have got over this difficulty by adjusting 
the voltage and the shape of the point so that the counter can be 
made to work for either a-rays alone or a and ^ together. 

Another way of getting over the difficulty is to amplify the 
current due to the original ionisation by means of valves. This was 
first done by Greinacher and the method has since been extensively 
used by Rutherford and others. It has the great advantage of 
being quantitative, so that variations in the ionisation due to rays 
of difierent speeds can be seen. The currents can either be recorded 
photographically on a trace as in the earlier methods, or detected 
by the clicks they produce in a telephone circuit. They can even 
be counted mechanically, either by a mechanical relay, or what is 
better, by the use of ‘thyratron* valves, which can pass sufficient 
current to work a mechanical counter and yet be controlled by 
small differences of potential^. 


Scintillations. 

It was early found that the scintillations produced when rays 
fall on a phosphorescent screen such as zinc sulphide were due to 
the individual a-particles, and Regener in 1909 used this method to 
find the charge on an a-ray. It has since been widely used, as it has 
the advantage that and y-rays produce little effect and a-rays 
can be counted in the presence of strong and y radiation. With 
the coming of amplification methods of electrical coimting, it is 
likely to be of less importance. Considerable practice is required in 
counting to get accurate results and the work is tiring. The eyes 
must be thoroughly rested in the dark, but a faint illumination of 
the screen is sometimes useful. The screen is generally viewed 
through a low power microscope, magnification 20-50, of wide 
field of view. From 20-40 scintillations per minute is a suitable 
number; if the source is too strong the number of scintillations can 
be reduced in a known proportion between the source and the screen 
by arranging a rotating shutter pierced with a slit. From obser- 

1 Geiger and Klemperer, Zeits.f. Phys. xlix. p, 753, 1928. 

2 Wynn Williams, Proc. Roy. Soc. cxxxii. p. 295, 1931. 
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vations of coincidences in the records made by two observers 

looking at the same screen, it appears that the efficiency of a trained 

observer is about 95 per cent. The lower limit of velocity for 

satisfactory counting is about a quarter of the velocity of the RaC 

rays, corresponding to a range in air of about 3-5 mm. Fast protons 

such as are produced by atomic disintegrations are detected by their 
scintillations and can be counted. 



CHAPTER V 

REFLECTED AKD SECONDARY ELECTRONS FROM SOLIDS 


Multiple and Inelastic Scattering. 

When tiie path of a beam of electrons is examined in a Wilson 
chamber the trade of each electron shows great and irregular 
curvature due to collisions with the molecules of the gas. In many 
cases the direction turns through 180° or more. This behaviour is 
in great contrast to that of a-rays, where large deflections are very 
rare. When they do occur, large deflections of a-rays are almost 
always due to a single collision, while with electrons they are more 
commonly a cumulative effect of several smaller collisions which 
chance to give deflections in nearly the same direction, and appear 
as a continuous but varying curvature of the track. Similar effects 
undoubtedly occur when electrons pass through a solid. If the 
solid is a thin film we get the diffraction effects considered above 
and also some electrons which have made inelastic collisions: these 
will have changed their wave-length with their energy and can no 
longer interfere with the original beam or the elastically scattered 
electrons. They appear as a continuous background to the diffrac¬ 
tion pattern. As the thickness of the film is increased, the chances 
of double and treble scattering, elastic or inelastic, increase also, 
giving rise in the first case to Kikuchi lines. Eventually all trace of 
a pattern will be smudged out by repeated scattering and the in¬ 
tensity of the beam will diminish in a monotonic manner with the 
angle to the original direction. The distribution will approximately 
follow an error law, since it is the consequence of the random addi¬ 
tion of relatively small deflections. Then the scattering becomes so 
great that all trace of the original direction is lost, and the direc¬ 
tions of the electron become uniformly distributed in space. This 
occurs as a rule before many of the electrons have lost all their 


energy. If the solid is thicker than is necessary to produce complete 
scattering of the electrons, some will still penetrate but no longer 


as a beam, rather by a kind of diffusion. The number which emerge 


■will now diminish rapidly with further increase in the thickness of 
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the solid sheet, and will finally vanish when this is equal to the full 
range of the electrons, so that even an electron which was so 
fortunate as to pursue an almost direct path could not emerge. 
Even here the limit is not quite sharp, for since the energy is lost 
m a finite number of collisions some electrons will have lost less 
than others in the same total distance measured along the path. 

If instead of considering the electrons which penetrate the film 
we observe those which come out from the same side as that at 
which they entered (incidence radiation) we see the converse of this 
process. At first the incidence electrons are few, for a collision of 
more than 90° is unlikely. If the film is made thicker the number 
increases, for more and more electrons are turned back by successive 
scattermg Clearly, however, there is a limit to the thickness of the 
him which gives increased incidence radiation, for nothing can be 
gained by having it more than half the range of an electron. 

ince the scattermg and absorption of the rays depend on their 
velocity, we can foUow the same series of changes as are described 

of the ra ^ constant sheet of matter and reducing the speed 


studied by Lenard as long ago as last century. 
if ig. 83 shows some modern measurements by Schonland' of the 



801 ? o7tr'^ emergence radiation from gold as a function of the 
speed of the cathode rays measured by their radius of curvature 

I Schonland, Proc. Roy. Soc. cviii. p. 187 ,1925. 
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p in a field H. Secondary electrons with less than 200 volts energy 
were not counted in these experiments. An attempt to work out 
an exact theory of these effects leads to great mathematical diffi¬ 
culties, and as the results depend mostly on the laws of chance they 
are not well adapted to giving information as to the processes 
which go on when an electron is scattered by an atom or a crystal. 
The early experiments, made with inhomogeneous rays, generally 
showed an exponential absorption, and Lenard enunciated the law 
that the coefficient of absorption A is proportional to the density. 
Actually the absorption, whether of the energy of the rays or of 
their number, does not follow the exponential or any other simple 
law exactly, depending a good deal on the geometrical arrangement 
used. We have considered in Chap, iii, p. 109, the rate of loss of 
energy under conditions in which it can be precisely defined; it is, 
roughly at least, proportional to the density of electrons and so, 
again roughly, to the density. 



For comparative purposes some experiments of Crowther’s^ 
are of interest. Using ^-rays from uranium which were incident at 
all angles on the absorbing material he measured the absorption 

I Crowther, Phil, Mag. xii. p. 379, 1906. 
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coefficient for a large number of elements. With these rays, which 
are not homogeneous, the absorption as measured by the ionisation 
of the transmitted beam was nearly exponential, and the values of 
XjD are shown plotted against the atomic weight in Fig. 84, the 
elements being arranged in the groups of the periodic law. The 
elements at the beginning of a group have smaller values of XjD 
than the elements at the end of the preceding group, the values in 
the group increase ^vith the atomic weight and do so with excep¬ 
tional rapidity at the end of the group. These results may be com¬ 
pared Avith those of von Traubenberg for a-rays (p, 157). 


Secondary Electron Emission, 

Besides the processes of scattering and loss of energy which 
go on when fast electrons pass through matter, there is a release 
of secondary electrons from the atoms of the matter. In gases 
this constitutes ionisation, and has been dealt with in detail in 
Chapter in. In solids some of the electrons released show themselves 
as 'secondary’ rays which accompany the main beam of electrons 
on both the incidence and emergence sides. Strictly speaking no 
exact distinction can be made between these electrons and those of 
the original beam, since an electron cannot be labelled. In practice, 
however, it is found that the radiation can often be roughly divided 
into a group of electrons with only a few volts energy and another 
group with nearly the energy of the original rays. In these cases it 
is convenient to speak of the first group as secondary electrons. 
Both are sometimes referred to loosely as ‘reflected’ electrons. 


Early Experiments, 

Measurements of the amount of ‘reflection* experienced by 
cathode rays when incident upon different substances and at 
different angles of incidence have been made by Campbell Swinton ^ 
by Starke 2 , and by Austin and Starke 3. Campbell Swinton’s 
experiments, which had for their object the measurement of the 
variation of the ‘reflected* rays at various angles of incidence and 


1 Campbell Swinton, Proc. Rotj. Hoc. Ixiv. p. 377, 1899. 

2 Starke, Wied. Ann. Ixvi. p. 49, 1898; Ann. d. Phya. iii. p. 75, 1900. 

3 Austin and Starke, Ann. d. Phya. ix. p. 271, 1902. 
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emergence, were arranged as represented in Fig. 85. C is the cathode; 
A the reflecting surface, a flat piece of platinum which could be 
rotated about its axis; F a Faraday cylinder which receives the 
rays emitted by the surface; this could be set so that the opening 
made any required angle with the direction of the incident rays; 
the charge received by this cylinder was taken as the measure of 



the amount of reflection. Campbell Swinton came to the conclu¬ 
sion that although the ‘reflection’ was very diffuse there was 
appreciably more in the direction in which the angle of emergence 
was equal to the angle of incidence than in any other direction; he 
found that the total amount of emission was slightly greater at 
oblique than at normal incidence; he measiired also the charge 
received by the reflector and found that though with normal 
incidence it received a large negative charge, the charge diminished 
as the incidence became more oblique, vanished, and finally with 
very oblique incidence became positive. The positive charge re¬ 
ceived by the reflector has also been observed by Austin and 
Starke (loc. cit,). 

Starke determined the proportion between the incident and 
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receding rays, or rather the ratio of the negative charge acquired 
by the reflector to that carried by the receding rays. 

The principle of the method used by Starke is as follows. The 
cathode rays enter through a hole in the cylinder and strike the 
reflector; the cylinder and reflector are each connected to earth 
through high-resistance galvanometers; when the rays strike 
against the reflector, currents pass through these galvanometers. 
Let , 4 be the currents through the galvanometers connected with 
the reflector and cylinder respectively; let N be the number of 
electrons striking the reflector in unit time, n the number leaving 
it in the same time, e the charge on an electron; then, if there is 
no ionisation in the gas of the cylinder, no escape of the receding 



rays through the hole, and no diffusion of the incident rays in the 

cylinder causing some of the incident rays to strike the walls of 

the cylinder instead of the reflector, and if we neglect the charge 

carried away from the cylinder by the secondary electrons excited 

by the X-rays proceeding from R, the place of impact of the cathode 
rays, we have . 


N H + i.,’ 

hence if we measure and 4 we can determine the value of njN. 
In practice some corrections are necessary, for which we must 
refer to Starke’s paper (loc. cil.)- the value of n/N depends upon the 
metal; the following are Starke’s values for this quantity • 




Metal 

Density 

! 

I 

Pt 

21-5 

1 » 

\ 

•72 )( 

Pb 

11-3 

•03 

Ag 

10-5 

■59 

Bi 

9-9 

•58 

Ni 

8-9 

•48 

Cu 

8-5 

1 

■45 i 

1 


Metal 

Density 

n/X 

Brass 

1 8-1 

■43 

Fe 

7-7 

•40 

Zri 

71 

•40 

A1 1 

20 

•25 

Mg 

17 

-25 
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Thus the value of njN increases with the density of the metal; 
the numbers given above are roughly proportional to the square 
root of the density; we see that even for the lightest metals the 
number of electrons receding from the surface is as much as one- 
quarter of the number of those approaching it. The preceding 
values of njN are when the incidence of the cathode rays is normal; 
in this case Starke found that njN did not depend upon the velocity 
of the incident rays. This result can only be approximately true, 
otherwise the numbers in the preceding table would apply to the 
p-iays which are just rapidly moving cathode rays; the results for 
the ^-rays are, however, quite difPerent. 

The fact observed by Campbell Swinton (loc. cil.) that when 
the incidence is very oblique the reflector acquires a positive 
instead of a negative charge, has been carefully studied by Austin 
and Starke^, who measured the charge received by the reflector 
for cathode rays incident at various angles; they find that the 
angle of incidence at which the charge received by the reflector 
changes from — to + depends on the material of which the reflector 
is made, the state of its surface and the velocity of the rays. With 
denser reflectors the change from — to + takes place at a smaller 
angle of incidence than it does with lighter reflectors; and, again, 
the smaller the velocity of the rays the smaller the critical angle. 
The amount of influence exerted by the nature of the metal, and 
the velocity of the rays, may be illustrated by the following 
numbers due to Austin and Starke. With a platinum reflector, and 
with cathode rays produced by a potential difference of 9000 volts, 
the critical angle of incidence was 60'^; with a copper reflector, and 
a potential difference of 8700 volts, the critical angle was 80®, and 
with a potential difference of 5000 volts, 70°. The positive potential 
to which the reflector is raised never exceeds a few volts. 

With primary rays of 4000 volts energy the change occurs for 
aluminium at 64°, for zinc at 47° and for platinum at 42°. At 
400 volts the critical angle for aluminium is about 40°, and at 
100 volts the charge received by platinum is positive even at 
normal incidence, while for aluminium it is only very slightly 
negative^. 

1 Austin and Starke, Ann. d. Phys. ix. p. 271, 1902, 

2 Baltruschat and Starke, Phys. Zeits. xxiii. p. 403, 1922. 
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Since, in some cases, the reflector receives a positive charge 
from the impact of the negatively electrified electrons, more elec¬ 
trons must leave the surface than arrive at it; it follows that the 
velocity of the receding electrons must, on the average, be less than 
that of the approaching ones, other¬ 
wise the energy emitted by the 

reflector would be greater than the | Af^ar/?/. 

energy received. Another reason 
for thinking that the velocity of 
the secondary raj’-s is much smaller 
than that of the incident is that 
a positive potential of a few volts 
is sufl&cient to prevent them from 
leaving the surface. Measurements 
of the velocity of the ‘reflected’ 
rays, by means of the deflection 
they experience in a magnetic 
field, have been made by Merritt*, 

Austin and Starke {loc, cit.), and 
Gehrcke^; both Merritt and Austin 
and Starke came to the conclusion 



Fig. 87. 





that the velocity of the reflected rays was much the same as that 
of the incident; Gehrcke, however, by a very ingenious method 
showed that among the ‘reflected’ rays 

there were a large number whose velocities 
were considerably less than that of the 
incident rays. Gehrcke’s method is repre¬ 
sented in Fig. 87; and are two 
cathodes connected together and with the F' 
negative pole of an electrical machine; 
the rays from went straight from the 
cathode on to a fluorescent screen FF\ 

^vhile those from Ag fell on a magnesium 
reflector, the ‘reflected’ rays from which 
fell on the same screen. and are 

the coils for producing the magnetic field. The appearance of the 

1 Merritt, Rev. vii. p. 217, 1898. 

2 Gehrcke, Ann. d. Phy.-,. viii. p. 81, 1902. 
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phosphorescence on the screen before and after the magnetic field 
was started is shown in Fig. 88. The middle patches F, F' represent 
the phosphorescence without a magnetic field due to the direct and 
refiected rays respectively; the patches above and below these 
represent the phosphorescence when the magnetic field was on, the 
upper and lower patches corresponding to fields in opposite direc¬ 
tions. It will be noticed that while the patch of phosphorescence, 
due to the direct rays, has not been sensibly broadened by the 
magnetic field, the narrow patch due to the ‘reflected’ rays has 
become a broad band, showing the presence of some rays much more 
easily deflected, and therefore moving more slowly than the inci¬ 
dent rays. Since one of the boundaries of the reflected patch keeps 
in line with one of the direct patch, there must be some of the 
reflected rays which move with approximately the same velocity as 
the incident rays. 


The path of an electron which strikes the reflector obliquely 
will be nearer the surface than if it strikes the reflector normally, 
and thus the electrons liberated by it will have a shorter distance 
to travel before reaching the surface of the reflector and emerging 
from it; we should therefore expect the oblique rays to produce 
more reflected rays. 

Lenard* also has investigated the effects of the incidence of 
cathode rays on metallic surfaces. The rays he xised had velocities 
corresponding to a potential difference of 4000 volts as the maxi¬ 
mum, and his results differ in some respects from those obtained 
by Austin and Starke who used rather faster rays. Lenard could 
not detect any rays coming from the surface with velocities com¬ 
parable with those of the incident rays, but he obtained a copious 
supply of very slow secondary rays; the velocity of these rays 
corresponded to that acqmred by a fall through a potential difference 
of about 10 volts, and this as well as the amount of the secondary 
radiation was independent of the angle of incidence and of the 
state of polish of the surface; the amount of secondary radiation 
varied with the nature of the metal, aluminium giving the largest 
supply when tested by the brightness of the phosphorescence 
produced by the rays. 


I Lenard, Ann. d. Phys. xv. p. 485, 1904. 
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Energy Distribution. 

In order to make mucli progress with the study of secondary 
electron transmission it is necessary to find the energy distribution 
of the emitted electrons. This is usually done by Licnard’s original 
method of a retarding field, which prevents the slower electrons 
from reaching the collector, or if the target itself is connected to the 
measuring instrument, holds them back on to the target. Curves 
relating the electron current to the retarding potential give the 
total number of electrons whose energy exceeds an assigned value. 
For the method to be effective and accurate a number of conditions 
must be fulfilled. Firstly, the field must be radial; this is difficult 
to arrange exactly, but in practice a small target at the middle of a 
large spherical conductor does well enough. Then it is very im¬ 
portant to avoid the retarding effects of space-charges by working 
with a small current. Keflection from the walls, or tertiary electrons 
produced by the impact of the secondary electrons upon them, may 
also cause trouble, and contact differences of potential must be 
allowed for. Measurements of different workers show certain dis¬ 
crepancies, but there is a growing agreement on a number of 
points. 


The emission consists of a considerable amount of slow secondary 
rays superposed on others which have retained a large part or all 
of the primary energy. No secondary rays are known which have 
gamed energy. As an example of the kind of retardation curves 
obtained. Fig. 89 is taken from a paper by Farnsworth h In such 
curves the slope gives the number of electrons ivith the energy 
corresponding to the abscissa. The number is smaU for energies 
under a volt; it becomes large and then steadily decreases till 
quite close to the end, where there is an almost sudden lump 
corresponding to the electrons which have been ‘reflected’ ivithout 

secondary emission 
increases to a maximum for 
primary rays of a few hundred volts energy. It is probable that the 

actual number of the faster electrons, for a given primary beam 
does not show much steady variation with the energy when this 
exceeds a few volts, though the number which entirely escape loss 

I Farnsworth, Ph.js, Rev. .x.x.xi. p. 40.5. 1928; xx. p. 358, 1922; x.xv. p. 41, 1925. 
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of energy diminislies as the energy increases, at least at normal 
incidence. Hapid fluctuations may, however, occur if the target is 
a single crystal, for it is these elastically scattered electrons which 
form the diffracted beams in experiments such as those of Davisson 
and Germer. If the secondary electrons observed are those emitted 
in a single direction, even a polycrystalline target will show marked 



Fig. 89. The intersections of the curves ^^^th the volt axis give the 

energy of the primary electrons. 

variations. A great deal of work has been done with electrons of 
a few hundred volts or less by Rupp and others, using crystalline 
targets of various kinds, the reflections from which show marked 
fluctuations as the wave-length of the incident electrons is altered. 
In order to prevent confusion it is usual to hold back the slower 
electrons by retarding fields. In Davisson and Germer’s work 
only electrons which had retained nine-tenths of their original 
energy were recorded. These diffraction effects account for curious 
fluctuations in reflection observed by some authors before the wave 
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character of electrons was understood, especially with targets which 
had crystallised as a result of drastic heat treatment. They may 
be very marked, for Farnsworth' has shown that in the case 
of some intense diffracted beams, the ‘background’ of general 
scattermg is less than 5 per cent, of the diffracted intensity. 

In the absence of diffraction effects the slow electrons form the 

majority at energies of the order of a hundred volts. Measurements 

of the whole emission usuaUy show maxima at a few hundred volts 

mostly due to these slow rays. Thus Petry ^ found the following 

results for the maximum emission as a fraction of the incident 
oeam at normal incidence. 


Metal 


Copper 

Gold 

Tungsten 

Iron 

Nickel 

Molybdenum 


1 

1 Max. ratio 

% 

Voltage for 

the max. 

1-32 

240 1 

114 

330 1 

1-45 

700 i 

1-30 

348 1 

1-30 

455 1 

1-30 

_ 

350 1 


As a rule the maximum is flat and its position cannot be deter 
mined with accuracy. The above are average values for meti s' 
well degassed. To show how sensitive the effect is to small changes 
of the surface it may be mentioned that Hyatt and Smith 3 workfng 
under very good vacuum conditions found the maximn.^ . 
molybdenum to be between 1-1 and l-‘-> at 600 volts A 
«tate of the metal matters more thL £ cflam ^ 
find that the emission is less when Z metTiZt l " 

Baltruschat and Starke (loc. cit.), who find low vllues of tllrilltate 
for maximum emission at normal incidence, find that at 70°‘in 

vallirof B^^^tiiuim. Their 

greater than the above, even at norm I * ■, ^hont 

1 Farnsworth. Phy.. Rev. xxxiv. p. 679. 1929. 

2 Petry. Pkys. Rev. xxvi. p. 346. 1925: xxviii. p. 362 19-’6 

3 yatt and Smith, Phys. Rev. xxxii. p. 929, 1928. 
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1*06 at 3500. For a smoked surface Becker^ finds little variation 
over a range of 275—1075 volts. Tlie emission probably depends to 
some extent on the material; for example, McAllister^ found that 
copper oxide had a larger emission than copper itself, while Farns¬ 
worth fotmd more emission for magnesium and aluminium than for 
the noble metals. But here again the state of the surface comes in, 
for the noble metals can be heated to a much higher temperature 
and so more thoroughly freed from gas, while Baltruschat and 
Starke, who did not heat the targets specially, found little difEerence 
between platinum and aluminium. Sharman^ finds a decrease in 
the emission from a copper target as timgsten from a hot filament 
is gradually deposited on it. 

It is in principle impossible to distinguish precisely between the 
true ‘secondary’ electrons and those which have been scattered 
backwards, but a rough division can be made when the primary 
electrons have more than about 20 volts energy. In these cases one 
can allow roughly for the primary electrons which have lost energy 
by extrapolating the curve for the high energies towards the axis 
of zero energy. The difference is then taken as representing the 
secondary electrons. In this way Becker has made a careful analysis 
of the distribution in velocity of the secondary electrons from a 
soot-covered surface. He finds no appreciable difference over a range 
of energy of 25-1075 volts for the primary rays, and the distribu¬ 
tion is the same for normal and oblique 4 incidence of the primary 
rays. 

The distribution is that of the molecules of a gas in the Max¬ 
wellian state, the most probable value of the energy being 2 volts, 
and is identical with that found by the same experimenter for 
S-rays (p. 198). Sharman has confirmed the fact that the energy 
of maximum emission is independent of the primary voltage. He 
used an ingenious differential method of finding the variation of 
the secondary current with the retarding voltage. Both Becker 
and BrinsmadeS find a larger proportion of electrons with full 

I Becker, Ann. d. Phys. Ixxviii. p. 228, 1925. 

3 McAllister, Phya. Rev. xxi. p. 122, 1923. 

3 Sharman, Proc. Camb. Phil, Soc. xxiii. p. 922, 1927. 

4 Becker, Ann. d. Phys. Ixxviii. p. 252, 1925. 

5 Brinsmade, Phys, Rev. xxx. p. 494, 1927. 
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velocity when the incidence and emergence are oblique. The pro¬ 
portion diminishes with increasing voltage of the primary rays up 
to a few hundred. There are few measurements of the energy dis¬ 
tribution with fast cathode rays. Baltruschat and Starke find a 
arge proportion of rays of high energy, 80 per cent, at 30,000 volts 
or t and 60 per cent, for A1 having energies exceeding 3600 volts 
The secondary emission from ^-rays is small, only about 10 per cent, 
of the primary rays at incidence and less at emergence, according 
to some measurements by Moseley ^ Below a few volts primary 
energy the secondary radiation, presumably almost all reflected 

dir^ishes rapidly and Farnsworth has shown that it tends to zero 
as the energy is indefinitely reduced. 


When looked at from the theoretical point of view this secondary 

o!r"h “ It complicated matter. The emission is caused not 

only by the primary electrons as they enter, but also by those 

electrons w^ch have been scattered back from the interior. Owing 

Xchtr^l ^ f velocities of [he electrons 

which are leaving the surface after internal scattering vary over a 

wide range and are directed in aU directions, so that Je whole 

eltcSsTn'" «°“PJicated. At oblique incidence primary 
electrons can emerge when they have been scattered through a 

inlre “umber of slow secondaries wilfalso 


witW tlie number of secondary electrons 

a sortTf r be regarded L 

a sort of ionisation of the solid and the ionising power of electrons 

has a maximum at a few hundred volts (Chap in) sTnneTr 
will !e’different! ‘be maximum 


hat insulators such as rocksalt and diamond acquire a 


T C E II 


I Moseley, Proc. Poi/. 6'oc. Ixxxvii. p. 230, 1912 


13 
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strong negative charge if the cathode rays hit any part of their 
surface normally. When the rays all strike obliquely diffraction 
patterns are formed 'which differ only slightly in position from those 
predicted on the simple theory. This difference can be explained 
by a difference of potential of the order of 10 volts between the 
substance and a point outside it, the substance being positive. Such 
a potential difference might occur if a positive charge inside the 
substance had attracted a layer of negative ions on to the surface. 

Delta Rays, 

We have already considered the secondary electrons or S-rays 
produced in gases by a-rays. These rays are analogous to those 
formed when a-rays hit a solid substance, and indeed it was to the 
latter that the name was first applied. They were originally dis¬ 
covered in connection with an experiment on the charge carried by 
the a-rays, of which the following is an account. 

On the Detection of the Positive Electrification on the a.-rays 
and the Emission of slowly moving Negatively Electrified 

Particles by Radioactive Substances, 

The detection and measurement of the positive charge carried 
by the a-rays is somewhat difficult o-wing to radioactive substances 
emitting large quantities of slowly moving negatively electrified 
particles: the method by which these particles and the charge on 
the a-particles were detected is as follows^. 

A gold-leaf electroscope A (Fig. 90) was placed in a large glass 
vessel coated with tin-foil connected with the earth, the leaves of 
the electroscope were supported by a rod of fused quartz and were 
charged by the wire D, a polonium disc (obtained from Sthamer) 
was placed in the side tube ^ at a distance of about 1 millimetre 
from the electroscope, and the tube was exhausted to a very low 
vacuum by Dewar’s method of cooling charcoal with liquid air. 
The vessel was placed between the poles of a powerful electro¬ 
magnet which when excited gave a field of about 12,000 units 
between the polonium disc and the electroscope. When there was 
no magnetic field the leak when the electroscope was charged 

I J. J. Thomson, Proc. Camh. Phil, Soc. xiii. p. 49, 1904. 
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positively was large, much larger than when it was charged 
negatively, whereas if there had been nothing but a-rays given 
o£E from the polonium the leak would have been greater when the 
electroscope was charged negatively. The large positive leak is 
due to slowly moving electrons given off by the polonium; these 



are moving very slowly, their velocity corresponding to a fall 

Sr r difference of the order of 2 or 3 volts, whereas 

th n ^-particles have velocities corresponding to a fall 

th^rirtr^ thousand volts. In consequence of their lot velocities 

found that r good vacuum. I have 

found that they are given off by radium and uranium as well as 

L tbo““’ emitted 

y thorium and by the radium emanation. The emission of these 


13-2 
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electrons will leave the particles of the emanation with a positive 
charge and will thus explain the tendency of the emanation to 
condense on negatively electrified bodies. 

These slowly moving electrons can be stopped by a strong 
magnetic field and when this is done we can detect the positive 
charge on the a-particles, for in the presence of a strong field it is 
found that the leak of the electroscope shown in Fig. 90 is zero 
when it is charged positively and quite appreciable when it is 
charged negatively, showing that the a-particles from the polonium 
carry a positive charge. Rutherford * has also by a similar method 
detected the positive charge on the a-particles. 

Both these researches made it appear probable that the S-rays 
were secondary rays produced not only at the radioactive source 
but also when the a-rays struck a solid object. This was definitely 
established by Logeman^. Nevertheless it is true that the S-ray 
emission from a radioactive source is usually greater than that 
caused by the a-rays from the source strilcing a solid target. We 
can explain this on the view that the S-rays are slow electrons 
ejected from the solid in the same way as from the molecules of a 
gas ionised by a-rays. In the case of the radioactive source many of 
the a-rays enter the material on which the radioactive substance 
is spread at a very acute angle. A large part of the track is suffi¬ 
ciently near the surface for the S-rays to escape, while when the 
a-rays are shot into a plate at nearly normal incidence only those 
formed in a short length of the track ever emerge. Thus while for 
normal incidence the number of S-rays for each a-ray is not likely 
to exceed about 20, observers have found 60 and even 125 from the 
soxirces themselves. Much no doubt depends on the thickness of 
the radioactive deposit. 

The value of ejm for the 8-rays agrees reasonably well 3 with that 
for electrons, and there is no doubt of their identity. Most of the 
numerous researches on the effect have been concerned with the 
energy distribution of the rays and of the variation in their number 
with the conditions of experiment. 

1 Rutherford, Phil. Mag. (6), x. p. 193, 1905. 

2 Logeman, Proc. Poy. Soc. Ixxviii. p. 212, 1906. 

3 See Hauser, Jahrbxtch d. Padioakiivitdty x. p. 448, 1913, which contains a 
critical account of the earlier work. 
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The general character of the experiments is that a source of 
a-rays is connected to one conductor, and the current between this 
and another conductor is measured for various potential differences. 
I his current consists in general of a number of parts. There is the 
current earned by the a-rays themselves, that carried by the S-rays 
produced m the first conductor, and the corresponding electron 
current frona the second conductor. The electron currents can be 
suppressed by a strong magnetic field, leaving only the a-ray current 
and that due to any heavy ions which may be produced in the 
residual gas or possibly in gas layers on the metal surfaces. By 
varying the potential difference the secondary electron current 
from either of the conductors may be wholly or partly held back. 

.K conclusion was reached at a fairly early stage that 

the bu^ of the rays had energies of the order of 2 volts and that 
this value did not depend greatly either on the speed of the a-rays 
or on the nature of the target. Werthenstein * later showed that 
some of the S-rays were able to produce ionisation, and thus must 
have considerably more energy. These rays are also able to excite 

sfdS they strike a solid, a property which con¬ 

siderably complicates the interpretation of the experiments. An¬ 
other oompheatmg effect is the ionisation produced by the recoil 
atoms from the radioactive source. These atoms may be Lgarded as 

fn°v a‘r! about ,J,th of that of the cofrespond- 

th! . ‘**'^8lves them energy of the order of 100,000 volts 

at, appreciable. They can, however, easily be 

absorbed by covering the source with a thin foil. The fast S-rays 

are not very numerous, and many observers have not detected 
,h,„ B^tead . gl™ .h. following fig„,. td. “ 

magnitude of the effect: 


Electronic current at — 40 volts 

- 20 
- 2 
0 

'' >> + 40 

L-urrent carried by a-rays 


9 9 
99 
99 


99 

99 

99 

99 



1 Werthenstein. Le ix r laio o i 

2 Bumstead. PkU. Mag. p 233 ms R 7' f 

X2civ. p. 462 , 1912 . ®«“stead and McGougan, ibid. 
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In his apparatus the a-rays struck the inside of a hollow brass 
box, without a lid, and connected to tbe electrometer. The potentials 
were applied to a wire gauze completely surroimding the brass box, 
while a case outside the gauze was earthed. With this arrangement 
the tertiary electrons, which are more numerous than the fast S-rays 
which cause them, are mostly produced on the case, and are pre¬ 
vented by the gauze from getting back to the box and being coimted 
in the current. The currents with negative voltages thus represent 
the electrons produced with more than the corresponding energy*. 
When the field was positive the S-rays would be attracted on to the 
wires of the gauze instead of repelled from them, and part of the 
difference between the currents at 0 and + 40 volts is probably due 
to tertiary electrons from the gauze. Still faster S-rays could be 
detected, the maximum being 2000 volts. The number with more 
than 1200 volts energy would be about unity on the above scale. 
If y is the number of electrons with energy exceeding V volts, 
Bumstead finds that y oz V~^. When the apparatus was first ex¬ 
hausted a large effect was found, apparently due to positive ions 
released from the gas film on the walls by the action of the a-rays. 
This became quite small after a few days. In all probability the 
upper limit of energy of the S-rays from metals is the same as that 
of the secondary electrons ejected by a-rays from gases. As we have 
seen, this latter is in good agreement with the simple theory accord - 
ing to which the maximum velocity of an electron struck by a massive 
particle is twice that of the particle, the maximum energy being 

4 

4 X 1850 

rays used by Bumstead. 

The best experiments on the distribution of energy among the 
slower S-rays are those of Becker^, who took special care to allow 
for the influence of contact difference of potential between the 
emitter and collector, and the disturbing effects of stray fields. He 
used two methods. In one the polonium source, which was always 
covered with a thin film of aluminium, was at the centre of a 
spherical case and the field acting on the S-rays was radial. In the 

1 Since the field was by no means truely radial electrons might be deflected back 
even though they had the energy apparently necessary for escape. 

2 Becker, Ann. d. Phya. Ixxv. p. 217, 1924. 


of that of the a-ray or about 2800 volts for the polonium 
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other the field was homogeneous, between two parallel plates, the 
a-rays coming through a thin foil window in one plate. Except in 
the case of a radial field, the distribution of energy is not immediately 
given by differentiation of a curve of the usual type in which the 
current carried by the electrons is plotted against the retarding 
voltage. In all other cases electrons may be bent back to the metal, 
though their energy is greater than the difference of potential. By 
comparing the curves in the two cases Becker was able to show that 
they were consistent with the view that the distribution of the 
electrons with angle followed a cosine law like the emission of light 
from an incandescent surface. The distribution of velocity was 
close to that of Maxwell for the molecules of a gas, namely 
A.C e dc\ this distribution differs from that fo un d by 

Richardson for the electrons emitted thermionically which con¬ 
tains the factor c^, and which is the formula to be expected for 
thermonic emission on theoretical groimds. There seems to be no 
particular reason for the formula in the case of S-rays and it 
is best regarded as empirical. The distribution was the same for 
all metals, the most probable energy being about 2 volts. No elec¬ 
trons could be detected with more than 20 volts energy, but it is 

doubtful if he is right in claiming that 1 per cent, would have been 
detectable. 

Bumstead and McGougan {loc. cit.) have shown that the S-ray 
emission varies in quantity with the speed of the a-rays much as 
does the ionisation in a gas, and have determined the corresponding 
Bragg curves. The maximum appears to be somewhat less pro¬ 
nounced than for air, though this may be partly due to the beam 
of a-rays not being parallel. Curves for Al, Cu, Au, Pt and Pb were 
apparently identical. The number of electrons emitted from an 
alummium plate per a-ray striking it at nearly normal incidence 
was, under certain conditions, 7 for the fastest rays from the polo¬ 
nium and 17 for the maximum effect. For other metals it was about 
the same. Too much significance must not be given to the absolute 
values of these numbers, for Bumstead and McGougan, as also 
ound , found that the emission diminished by about 20 per cent, 
when a metal plate was left in vacuo for some time. The change is 
st greater in the case of carbon. It has even been suggested that 

I Pound, Phil. Mag. xxiii. p. 813, 1912. 
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the whole of the S-ray efEect is due to a layer of gas, and McLennan 
and Found ^ could get no S-ray emission from a zinc surface freshly 
formed by distillation in vacuo. On the other hand Bumstead and 
McGougan could diminish, but by no means destroy, the emission 
from a platinum plate by prolonged heating in vacuo. Probably 
the efEect is analogous to the change in the photo-electric emission 
with change of surface state; if the work required to extract an electron 
is increased, the number which are able to escape will diminish. There 
is evidence that in the case of a rough surface such as soot, a field 
may be required to draw out those electrons which would otherwise 
pass from one excrescence on the surface to another. With smooth 
surfaces, if correction is made for contact difference of potential, 
the full secondary emission flows without help and an external 
field does not increase it. 


Kapitza^ has brought forward a theory that the emission of 
S-rays should be regarded as a thermionic effect due to intense 
local heating by the a-rays. This would account for the general 
similarity of the velocity distribution curves to those foimd by 
Richardson for thermions, and also gives the right order of magni¬ 
tude. It is interesting that on this theory the work function of the 
surface does not appear as an exponential in the final expression 
for the emission. The effect of surface changes would thus be less 
for S-rays than for thermionic emission, as is probably the case. 


If we regard the production of S-rays as a case of ionisation and 
apply the formula of p. 166, for the chance that an electron should 
receive an amount of energy between Q and Q -i- dQ, we see at once 
that the distribution in energy is independent of the energy of the 

incident ray, as is actually the case. In fact <f> {Q) = 


the electron has to do work W in order to get clear of the metal, the 
distribution of energy Q' among the emergent electrons is 

^ (Q') = AjiQ' -t- W)\ 

This is a maximum when Q' = 0, but if we supposed that the slower 
electrons were more likely to be absorbed in their passage through 
the metal than the faster ones, the observed distribution could be 
explained. 

1 McLennan and Found, Phil. Mag. xxx. p. 491, 1915. 

2 Kapitza, Phil. Mag. xlv. p. 989, 1923. 
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The 'production of h-rays by Positive Rays. 

Positive ions of much less energy than the a-rays can release 
electrons if they strike a solid surface. In particular the positive 
rays in a gas discharge have this power The electrons so produced 
play a very important part in the mechanism of the discharge and 
for this reason it is desirable to consider in detail what is known as 
to their production. Some early experiments by Fuchtbauer^ and 
Austin3 were important as giving the main outlines of the effect. 
The number of electrons released by positive rays of 10-30 kilovolts 
is of the order of the number of positive particles; the effect in¬ 
creases if the incidence is oblique; the bulk of the electrons are of 
low energy (FUchtbauer found c. 30 volts) and their energy does 
not change rapidly with that of the primary rays or depend much 
on the metal of the target. These early experiments, however, 
cannot be trusted to give quantitative results. The positive rays 
were heterogeneous both in nature and in energy, the positively 
charged portion of the beam, which alone was measured, accounts 
for only a fraction of the total number of the incident particles, and 
the conductors, on which the electrons were collected, were sur¬ 
rounded by gas at a fairly high pressure. Consequently, there was 
probably a considerable current due to ionic diffusion and contact 
potential between the different specimens of metal used. Even 
when care is taken to overcome these disturbing effects the results 
are very variable, and different experimenters get widely different 
results, especially in their estimates of the number of electrons 
released by each primary particle. These variations are probably 
mostly due to the same causes which are responsible for the large 
changes in the photo-electric current from the same metal under 
slightly different conditions. Slight changes in the surface state of 
a metal make considerable differences in the work which has to be 
done to extract an electron from it, and since, in some cases, half 
the h-rays have energies less than a volt, the effect on the number 
which can escape may be very great. In general, the more thoroughly 
a metal surface is cleaned and degassed the fewer electrons it 

I J. J Thomson, Proc. Camb. Phil. Soc. xUi. p. 212. 1905. 

1906. P- 153. 1906; Verk. d. D. phys. Gc^. viii. p. 394. 

3 Austin, Pkys. Rev. xxii. p. 312, 1906. 
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emits. Similar effects occur with photo-electrons, but there do 
not appear to have been any simultaneous measurements of S-ray 
emission and photo-electric threshold or thermionic work function. 
From the point of view of application to the theory of the discharge, 
it is of more interest to know the S-ray emission from a surface 
covered with gas than from one freed from all gas filnns by modern 
high vacuum technique. For this purpose Baerwald’s* work is 
valuable. He worked with hydrogen and oxygen positive rays, and 


SatCer^ 



G aede puTn.p If 


G atvanometer 

Fig. 91. 


Gae depump I 


kept a sufficiently low pressure in his detecting apparatus to be 
safe from stray ionic currents. The rays were produced in an 
ordinary discharge tube, and since there was communication be¬ 
tween the two vessels through a capillary there must have been a 
quite appreciable pressure in the detecting chamber, so that the 
condition of the bombarded surface was probably comparable with 
that of the cathode in an ordinary discharge tube. His first appara¬ 
tus is shown in Fig. 91. The positive rays enter the observation 
chamber through the capillary tube C and pass through a hole (not 
shown) in the earthed metal cylinder F on to the target G. The 

I Baerwald, Ann. d. Phys. xli. p. 643, 1913; lx, p. 1, 1919; Ixv. p. 167, 1921, 
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secondary electrons are collected in the Faraday cylinder F. A re¬ 
tarding field between G and the gauze J enables the distribution in 
velocity of the secondary electrons to be determined. The energy 
of the rays which were inhomogeneous was only measured by the 
spark gap equivalent to the discharge potential. Since the energy 
of even the fastest positive rays is often less than corresponds to 
the potential of the discharge, only a rough estimate can be made. 
The range was probably from about 1-50 kilovolts. In all cases 
oO per cent, of the secondary electrons had less than 2 volts energy, 
but a certain small proportion had considerably more. Since the 
number is small it is difficult to estimate the energy of the fastest 
electrons, but it definitely increased with the energy of the primary 
rays from about 5 volts for 900 volts to 22 volts for rays correspond¬ 
ing to a spark gap of 8 mm. (say 20,000 volts), after which it re¬ 
mained constant. In no case did the electrons with 10 volts energy 
or more exceed 5 per cent, of the total. Baerwald tried a large 
number of metals as targets, also carbon and CuO. They all gave 
much the same velocity distribution, and as far as could be esti¬ 
mated the same total yield, though this conclusion depends on 
supposing the discharge constant. The only exception was calcium, 
which rather surprisingly gave a smaller emission. These results 
are for hydrogen rays, with oxygen there was a tendency for the 
energies to be smaller all round. In all cases there was a small 
residual current, even with a large opposing field. This is pre- 
sumably due to reflected positive particles. 

In a later paper Baenvald measured the absolute emission from 
a brass plate struck by (heterogeneous) hydrogen positive rays. The 
electrons released were collected by 
an electrode placed out of the path of ^ 
the main beam, while the total charge 
carried by the jjositive rays into the ob- 
servation chamber was also measured, ^ 

The proportion of neutral particles to § 
positives in the primary beam was g 
measured in a subsidiary experiment, ^ 
from which Baerwald concluded that 
the charged particles were one-fourth 

of the whole. The result is shown in Fig. 92; it will be seen that 
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there is at first a rapid increase of yield with the voltage, but that 
it reaches at about 20,000 volts a maximum of 5 electrons per 
particle, counting both positives and neutrals. The plate was not 
specially outgassed, though the vacuum was good enough to avoid 
spurious effects. Recent and very careful experiments by Schneider ^ 
give an almost constant figure of 4*3 electrons per proton striking 
the surface of aluminium silver or copper over a range of energy from 
23 to 46 k.v. These values are more than those found by earlier 
authors. Thus Campbell^, using the ions emitted by heated sodium 
and aluminium phosphates, which are probably mostly sodium and 
potassium, foimd the results shown in Figs. 93, 94. The target was 
a copper plate, the vacuum conditions good. It will be noticed 
that there is very little emission below 100 volts. The difference 
from Baerwald is probably largely due to the nature of the 
ions. The sharp fall in emission after 40,000 volts is surprising. 
One would expect that, after the rays had sufficient energy to 
penetrate to a depth greater than that from which most of the 
electrons could escape, there would be little further change. A slow 
decrease would occur if the capacity of the rays to produce elec¬ 
trons from the metal decreased with increasing speed like their 
ionising power, but against this, if the ordinary theory held, there 
should be an increase in the energy of the secondary electrons 
which would enable them to escape from greater depths. It is 
possible that the greater energy of bombardment cleaned the surface 
of gas or alkali atoms. From Eckardt’s results on the loss of 
energy of protons one would expect rays of 40,000 volts energy to 
penetrate about 5 x 10 “® in celluloid or perhaps a quarter of this in 
brass or copper. In any case they would penetrate a good many 
layers of atoms and the effect of the surface would only be felt 
through its influence on the work of extraction. Massive ions like 
the alkalis would not penetrate so deeply and might produce an 
appreciable fraction of their effect in a gas layer if there were one. 
For fast protons the maximum energy of the secondary electrons 
should be of the primary energy, but these electrons would be 
moving in the direction of the original rays and so be unlikely to 
escape without loss of energy in the case of normal incidence. 


1 Schneider, Ann. d. Pkys. xi, p. 357, 1931. 

2 Campbell, Phil. Mag. xxix. p. 783, 1916. 
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Schneider*, who observed the electrons enaitted from the exit side 
of tWn films, found a maximum of over 100 volts for protons of 
23 kilovolts, and more for rays of 53 kilovolts. This is in excess 




mylt^abtut t^Y ^aerwald’s maximum of 22 volts for 

about 50 per cent, loss of energy on emergence, which is not im- 

I bchno.dcr, Ann. d. Phys. xi. p. 357, 1931. 
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probable. For more complex ions tbau hydrogen the view suggested 
by Kapitza is probably nearer the truth, the effect being regarded 
as one of intense local heating leading to thermionic emission. On 
this view the chemical nature of the ion is unimportant. The great 
increase of emission which imdoubtedly occiirs at oblique incidence 
is to be expected on either view. If we look on the emission as an 
ionisation of the metal, then it is easier for the ejected electrons to 
escape when the path of the ray remains near the surface, especially 
as most of them leave the atoms in a direction nearly at right angles 
to the path. On the view that the ray heats up a cylinder of the 
metal to a temperature which makes thermal emission possible, 
the section of the cylinder by the surface will be greater the more 
oblique the path of the ray. 


Emission caused by Slow Positive Ions. 

The above are the main experiments which refer to ions of 
energies of the order of 10 kilovolts or more. A large amount of 
work has been done with slower rays, mostly under about 1000 volts 
energy. With these the nature of the rays matters a great deal, 
especially their ionisation potential. As Holst and Oosterhuis have 
pointed out, very slow ions might be expected to produce secondary 
electrons if the ionisation potential F,- is more than twice the 
Richardson work fimction; for as such an ion approaches the 
surface it may attract an electron out of the metal and form an 
excited atom with potential energy F,- — <f>. This might give up its 
energy to another electron and make it escape if F< > 2^. Now for 
the ions of the inert gases helium and neon this condition is satisfied, 
but for the alkali ions, with which much work has been done, it is 
not. Indeed for these F,- is less than ^ for most metals. Thus we 
may expect considerable differences in behaviour of these two 
classes of ions. For slow ions the effect of change of surface is even 
more important than for fast ones, for they have little penetrating 
power and may not enter the metal at all if it is covered with a 
thick layer of gas. 

Baerwald has made very careful investigations of the effect of 
the positive ions from heated tungsten. Unfortimately the nature of 
these ions is not certain, but Baerwald considers that they were 
hydrogen atoms and molecules. The vacuum conditions were good. 
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but the aparatus was not baked. He found evidence of some 
reflection from a metal cone which served as target, positive ions 
arriving at the collector against a potential of 20 volts or more 
As the potential through which the ions have fallen increases, the 
number of secondary electrons collected by a conductor of positive 
ptential increases also. There appears, however, to be no deflnite 
lower hmit to the energy required to produce the electrons. They 
occur as low as 20 pits. The apparatus was not well adapted to 
measmements of the number of electrons produced per positive 
ion, but It appeared to increase with the energy up to 1200 volts 

andt:,r,f f S"" ■>< .leotron. 

and found that the great majority had energies less than 1 volt. 

Measmemeps have been made with alkali ions by Cheney r 

S^d'r Hyatts The resulfr 

mZv of f Sood agreement, and 

Sin variations with the state of the surface. 

Certain features, however, are found by all or most. These are; 

(1) The emission increases with the voltage, often in a roughly 
linear fashion from a ‘ threshold ’ value. rougniy 

of oni or two °^der 

(3) The energy increases with the speed of the primary rays. 

{) In most cases there is a small DroDortinn to q 
cent.) of reflected rays which have kept their char.^e 

freed Sm'gS""^ -face is 

As an example of the experimental methods, we will describe 

iTn rurSvTrp tt 

through a hile in thriron cyLir/ tZ"" 

through the slit system B and C The ^ accelerated 

rod pivoted at O which could be movedtfa I^rSoTe: 

I Cheney, Phy,. p 33 .^ 

a Badareu, Phys. Zcits. xxv. p. 137 1924 

^ v’ P- 800, 1925 ^ 

5 Oljphant, Proc. Cam6. PA, 7 . iS'oc. xxiv n 451 loos 

6 Hyatt. PAys. Pev. xxxii. p. 922. 1928 
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or close tlie hole in the Faraday cylinder D. The nickel cylinder N, 
which carried the pivot, could be withdrawn magnetically to enable 
the target to be heated between the experiments by induced currents 
from a high frequency coil. The tube was kept pumped down as 
low as possible and was baked at 400° C. in an electric furnace before 
a series of rims. The current to D with the hole open gives the niunber 
of positive ions, and the difference in the current when the hole is 



t Y 

Fig. 95. 


closed by T gives the loss of charge by reflection and electron emis¬ 
sion. To distinguish between the two last, measurements were also 
made with a magnetic field strong enough to bend the secondary 
electrons back on to T, but not such as would greatly affect the 
reflected positive ions, assuming them to have energies comparable 



Voirs 


Fig. 96. Percentage of secondary emission as a function of energy of 

positive ions. 

^vith those of the primary beam. Targets of Mo, Ni and A1 were 
tried with K+ ions, and of Mo with Na+, E.b+ and Cs+. The reflec¬ 
tion was always small, 3 to 4 per cent, for Na+ on a recently baked 
target, and 2 per cent, or less in aU other cases. Fig. 96 shows the 
emission for K+ ions on molybdenum. The curves 5, A refer to 
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targets baked at 1000° C. in i;acno and exposed to air and a gas 
ame respectively before mounting in the tube. refer to the 

me specimens after baking in the tube itself. Aluminium and 

reShef 20 ""^ aluminium this 

lesf onlv afrtT*" ® considerably 

so theToTa^ " befTre doifg 

r072 fo t * Vr''"? -- 13 per cent, af 

was an appreciawITfecf 



Fig. 97. 

exceeded”^ vfihrSrfhf'^ltrgT'S fhe'^ 

700 volts. Cheney found much morp ! ^ays e.xceoded 

from platinum. His results were of ,1''“™ aluminium than 

those of Jackson for the «anio order of magnitude as 

>ons LiKL Kb+ was in deceasing orfer ""^' 

Tcr.,, «• g>'^as the distribution for 
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electrons due to potassium ions. He finds that if the logarithm of 
the ordinate is plotted against the voltage the result is an accurate 
straight line. This is what would occur for a temperature emission. 
With a Maxwellian distribution the number of particles with an 

_el* 

energy exceeding eP is proportional to e w, so that the slope of 
the line gives the effective temperature of the source. This is 
10,000° C. for Al, 30,000° C. for Ni and 66,000° C. for Pt, the metals 
being in order of decreasing thermal conductivity. 

Moon* has recently carried observations on the action of 
Cs+ ions to a higher voltage. He used a surface of nickel which was 



Fig. 9S. 

kept hot during the experiment and at 870° C. obtained the curve 
shown in Fig. 98. Even at this temperature the target is apparently 
far from clean, for the emission is three times as great at 650° C. as 
at 950° C. A piece of nickel, cold and tarnished, gave more than one 
electron per ion at 4000 volts. An interesting effect was observed 
at high temperatures with the target positively charged. Although 
there were plenty of caesium ions striking the target, they gave it 
very little charge, for when they evaporated again they did so 
as ions (see Vol. i. p. 418). It appears that this effect does not 

I Moon, Proc. Camb. Phil. Soc. xxvii. p. 570, 1931. 
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occur mth mercury, the atoms of which are uncharged when they 
leave the surface. The ionisation potential of mercury, 10 volts, is 
much higher than that of caesium, 3*9 volts. 


Hyatt’s experiments are interesting in that the surface was of 
the same material as the ions, namely caesium. It is probable that 
in some of the other experiments this was so to a considerable 
extent, thus Ohphant notes that the target tended to get covered 
with a layer of the alkali. Hyatt found considerable variation be¬ 
tween different tubes apparently similar, the emission at 600 volts 
being from 10 to 15 per cent. The threshold was about 100 volts. 

One may eonclude that the emission due to alkali ions is best 
regarded as a thermal effect, the magnitude depending greatly on 
the state of the surface. Gas layers might act in various ways. 

f f required to extract an electron, probably 

the direction of dimimshing it if released in the layer itself, and 

y would also alter the thermal properties of the surface. In 
addition, if the electrons actually came from the gas atoms the 
ionisation potential of the latter might be of importance. 

thetUt^ otlier end of the scale from the alkali ions come those of 

he inert gases with very large ionisation potentials. Penningshowed 

that neon atoms of as little as 7 volts energy can release electr^is 
rom a metal surface. The early experiments with these ions were 
however, vitiated by the neglect of metastable atoms. The inert 
gases have metastable states widely removed in energy from the 
ground states Atoms which get into a metastable state may 
in It for a relatively enormous time, of the order of - sec^ If thev 

than fh fi^ction is les's 

Id hand on the excess energy to an electron which may escane 
from the metal. This effect has been detected experimentally bv 
Ohphant and it is desirable to describe it before considering thi 
emission due to the ions themselves. Fig. 99 shows the apparatus 
ositive ions are drawn from the helium arc through the tubi C thev 
then pass between the plates D. T is the target to be investigated 
and the currents to A and T can be measured. It warfoun^tlia ’ 
even when there was an electric field between the plates D stroni 

o 

I Oliphant, Proc. Roy. Soc. cxxiv. p. 228. 1929. 


14-2 
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enough to remove the positive ions, there was still an electron 
current from T, The total current to N and T was zero. This effect 
was not due to radiation from the arc, for it did not occur if there 
was no field to draw the ions through the tube C, nor was it due to 
radiation from the walls of C, which would have been quite in« 
sufficient to account for the observed effect. Oliphant considers 
that it is due to positive ions being reflected from the walls of C 
as metastable atoms, and then releasing electrons from T. In a 
subsidiary experiment he was able to find other evidence for the 
reflection of positive ions as metastable atoms. Some of the meta¬ 



stable atoms are themselves reflected from T unchanged; the pro¬ 
portion can be found by measuring the current received by T when 
at a positive potential, and assuming that this is due to electrons 
released from N by metastable atoms reflected from T. For a 
molybdenum target at a red heat the proportion reflected at 
normal incidence varied from less than 5 per cent, when the initial 
energy of the rays was 2100 volts, to over 50 per cent, when it was 
120 volts. From a cold surface fewer were reflected unchanged. 

One of the interesting results of this experiment is the distribu¬ 
tion in velocity of the secondary electrons. The maximum energy 
from molybdenum was 15 volts, for magnesium 16*8 volts. The 
potential energy of a metastable helium atom corresponds to 
19*7 volts, and the work functions for thoroughly degassed molyb¬ 
denum and magnesium are 4-3 and 3 volts. The difference gives 
15-4 and 16-7 volts, in good agreement with the experiment. The 
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most probable energy of the electrons was much less, about 1*9 volts, 
and few electrons had much less energy than this. Oliphant explains 
this on Sommerfeld’s wave theory of the state of electrons in 
metals. According to this view the distribution of the kinetic 
energy of the electrons is determined from the theory of stationary 
waves. To each possible wave-length of stationary vibration in, for 
example, a cube of metal corresponds a momentum according to 
the de Broglie law A = himv. On the Pauli exclusion principle only 
one electron is allowed in each state, and each type of vibration has 
two states associated with it, the doubling being caused by an effect 
somewhat analogous to the polarisation of light waves. Now there 
are a very limited number of stationary vibrations with large 
values of A and so small energies, and when these are exhausted the 
remaining electrons are forced to take up the higher harmonics 
corresponding to larger energies. At low temperatures the electrons 
may be regarded with sufficient approximation as choosing all the 
modes of vibration of longest wave-length and so lowest energy, 
and if the number of electrons is known it is easy to calculate the 
kinetic energy ^ of those vibrating with the smallest wave-length. 
These being the electrons of greatest energy will be the ones emitted 
in the thermionic or photo-electric effects. The Richardson work 
function ^ measures the extra energy which is required to extract 
them, while the slowest electrons, corresponding to the longest 
waves, which have a negligible kinetic energy will require an amount 
of work measured by 4> ^ to remove them from the metal. 
Unfortunately the number of free electrons is not known with 
certainty, though it is natural to assume it an exact multiple of 
the number of atoms. On the supposition that molybdenum has 
four free electrons per atom, ^ is 13-6 volts, and 17-9 volts would be 
required to eject the slowest electrons. This leaves 1*8 volts for 
their energy, in good agreement with the 1-9 volts observed. It is 
less clear, why the maximum number of electrons should have 
these small energies since they are not numerous in the metal, 
there is some reason to suppose, however, that transfer of energy 
between atomic systems is most likely to occur when the balance 
which has to appear as kinetic energy is small. 

Giintherschulze ^ has measured simultaneously the current and 

1 Giintherachulze, Zeit^.f. Phya. Ixu. p. 600, 1930. 
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the heat Q received by a copper electrode at a negative potential in 
an arc discharge through an inert gas. From the potential difference 
he can calculate the heat Q' which would have been given by 
bombardment of the positive ions if they had carried the whole 
measured current, neglecting loss of energy by collisions. He takes 
1 — QjQ' as the number of electrons released by one positive ion. 



This ignores the effect of metastable atoms and the results are thus 
an upper limit only, the fraction in the case of neon increases from 
•20 at 500 volts to *43 at 2000 volts. For He and A it is less. 

Similar measurements by Oliphant^ lead to a different conclu¬ 
sion. In his experiments the probe was kept at a constant tem¬ 
perature throughout by applying heat electrically so that the heat 
conducted in through the gas was constant. Oliphant foimd that 

1 Olipbant, Proc. Roy. Soc. cxxxii. p. 631, 1931. 
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the proportion of the current to the probe which was carried by 
the electrons to that carried by positives in Fig. 100) was 

constant over a wide range. Fig. 100 shows the results with a 
tungsten probe, the dotted curves relate to the experiments 
described in the next paragraph. Argon gave a ratio of about 
20 per cent. In all cases the results include the effect of an unknown 



amount of metastable atoms, but these were probably not numerous 
with neon. 


Oliphant^ in an important paper has made direct measurements 
of the yield of secondary electrons by helium ions under conditions 
which eliminate the effect of metastable atoms. The ions, drawn as 
before from an arc discharge, are deflected by an electric field 
before passing into the observation chamber. The apparatus was 
of pyrex and well baked, the pressure in the observation chamber 


1 Oliphant, Pror. Hoy. Soc. c.xxvii 
p. 388. 


p. 373, 1930. 


Oliphant and Moon, ibid. 
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when the experiments were made was under 4 x 10“-^ mm. The 
}deld from a molybdenum target at normal incidence is shown in 
Fig. 100 (dotted curves). It will be noticed that there is a great 
difference between the yield from a cold target and one that is red 
hot. In the latter case the results were also much more accurately 
reproducible. The emission varies considerably with angle of in- 


? 5 6 8K /7’OK 202t< 



Fig. 102. 

cidence, as is shown in Fig. 101 which is for a nickel target. The 
emission varies in a linear manner with the cosine of the angle of 
incidence; this law holds also for molybdenum, and for hot and 
cold targets. Oliphant studied with particular care the velocity 
distribution of the secondary electrons. With a cold target, or one 
which had not been strongly heated for a longtime, the distribution 
curve showed a pronounced maximum at about 3 volts and dimin¬ 
ished asymptotically up to 20 or 30 volts. It was almost indepen¬ 
dent of the energy of the primary ions from 120 to 1000 volts. When, 
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however, a molybdenum target was thoroughly heated the curve 
changed its character. The relative number of fast electrons in¬ 
creased, and several peaks appeared (see Fig. 102). These occur at 
nearly the same places for Ni, Mo and W. With platinum they 
could not be distinguished with certainty, while for the other metals 
tried, namely Al, Cu and Ag, the curve remained throughout of the 
smooth type. These metals, however, are difficult to free from gas 
because of their low melting points. 

To explain these results Oliphant and Moon show that it is 
likely that an ion of moderate speed will draw an electron from the 
metal and become neutralised before reaching the surface. Probably 
the atom will remaiu in an excited state ^vith energy F,- — It 
may then eject an electron from the metal by transferring this 
energy to it, or, especially if the incidence is oblique, it may come 
off as a metastable atom. The maximum kinetic energy of the 
ejected electron will be F^ — 2<f>, the minimum F, — — 2<f> if this is 

positive. Taking as before for molybdenum and helium ^ = 13*6, 
<!> = 4*3, Vi = 24*6 the maximum is at 16 volts and the minimum 
at 2*4. Actually there is a fairly sharp lower limit at about 2*5 and 
a peak at 17. To account for the sharp maximum at 20*2 volts it is 
necessary to suppose that in some cases the ion can enter the metal 
as such and transfer all its energy to one electron. This gives a maxi¬ 
mum of Fi — <^= 20*3 volts and a minimum of F^ — — = 6*7 volts. 

There is a i>eak at G-8. This interpretation is strengthened by the 
fact that the 20*2 and 6-8 peaks become more intense as the energy 
is increased, for one would expect the faster ions to be more likely 
to penetrate. At very high voltages (c. 5000) the whole curve be¬ 
comes diffuse, probably because some other effect such as thermal 
emission is becoming important. 

In a recent pajjer Penning ^ has measured the numberof electrons 
released per ion of neon under conditions which exclude the effects 
of metastable atoms. The beam of ions from an arc is bent on to 
the target which is an iron cone. He finds an almost linear increase 
from 3 to 5 per cent, at small energies to about 42 per cent, at 
1000 volts. He also made an interesting series of experiments with 
a tungsten target which could be heated. In this case metastable 

I Penning, K. Akml. 11 </, Pruc. xxxiii. p. 841, 1930. 
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atoms were not excluded, but the relative effects are probably at 
least qualitatively correct. The tungsten had previously been de¬ 
gassed by strong heating in vacuo, and although the secondary 
emission from the white-hot timgsten was slightly larger than in 
the cold, the effect was hardly outside the experimental error. 
Very marked changes occurred when the surface of the tungsten 
was deliberately contaminated with a little mercury allowed to 
evaporate from the liquid air trap between the apparatus and the 
diffusion pump. The emission rose from the normal value of 
20 per cent, at 500 volts for a cold target to 32 per cent., and when 
the target was strongly heated feU to 9 per cent. This fluctuation 
could be repeated. When there was a great deal of mercury present 
the emission fell from 32 per cent, to about 8.per cent., which 
presumably means that the Hg+ ions, which must occur in large 
numbers, are very inefiicient in producing secondary electrons. This 
has been noticed by other observers An oxidised tungsten surface 
had about half the normal emission. Penning examined also the 
emission from nickel in a number of gases. The results show wide 
variations in apparently similar conditions, e.g. 13 to 25 per cent, for 
Ne after an interval of a week and a change from 14 to 22 per cent, 
for He at 400 volts after the tube had been used for hydrogen. 
These nickel electrodes had not been degassed, the pressure was 
about 2 X 10“^ mm. 

These variations bring out very strongly the immense im¬ 
portance of the state of the surface, and show how difficult it is to 
know what value to take for the emission in an ordinary discharge 
tube. Quite possibly the emission may vary with the conditions 
of the discharge, for if the current is heavy and there is a lot of 
spluttering the cathode surface may keep fairly free from gas, 
while with slight bombarding currents (such as occur in the ex¬ 
periments we have just described) the surface may be covered with 
gas, even at a very low pressure. 

I See Diillenbech, Gerecke and Stoll, Phya. Zeita. xxvi. p. 10, 1925. Also 
Olipbant {loc. dt.). 
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Reflection of Positive Rays. 

We have seen that the measurements of charge indicate some 
degree of reflection of positive ions, usually a few per cent. The 
effect occurs* when positive rays strike a metal plate at 45°, 
a Faraday cylinder placed in the direction of optical reflection 
showing a positive charge. Two other methods have been used to 
investigate this effect. Saxen^ arranged two thermometers (xylol 
in glass) so that either in turn could be brought into a beam of 
positive rays. One thermometer had merely a metal plate to receive 
the rays, the other had a hollow copper cup so that reflected rays or 
secondaries would be retained. The thermometers could be cali¬ 
brated by applying heat electrically at a known rate to fine wires 
wound round them. The difference in the readings of the two ther¬ 
mometers will give the energy lost in reflected rays. For normal 
incidence on Al, Cu and Au no difference could be detected for 
hydrogen or oxygen rays. At oblique incidence on copper with 
rays there was an appreciable effect amounting to 28 per cent, 
at 45 . The reflection was not noticeable in hydrogen. If, as is 
probable, the reflection is due to large angle scattering, one would 
expect it to be much more at oblique incidence, as the deviation 
required is less. Saxen s experiments give the loss of energy; we 
should expect the rays to be considerably retarded in their passage 
in and out of the metal, and if the number reflected were only the 
2 or 3 per cent, found by most observers the energy change might 
well be too small to be detected. The experiments also show that 
the loss of energy due to the secondary electrons is negligible. 

The other method depends on the Doppler effect of the light 
emitted by the positive rays. If there is a reflected beam the light 
sent out in the direction of the original beam should show a line 
displaced to the red, as well as one displaced to the violet due to the 
luimary rays. An effect of this kind was early observed, but it is 
probable that it was mostly due to other causes. ]\Iere optical 
reflection of the light from a moving atom will gi\-o the effect of a 
source moving in the opposite direction to the real one, and so with 
its spectral lines displaced in the opposite direction. Even if this 

1 J. J. Thomson. Phil. Mu^j. xiv. p. I'J07. 

2 Saxen, Ann. d. Phys, xxxviii. p. 3I5>, 1912. 
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is avoided there is a possibility of confusion due to the retrograde 
rays^. These are rays which, having had a negative charge in the 
dark space, have acquired a velocity away from the cathode. They 
may then lose one or more electrons by collision with gas molecules 
and emit light as neutral or positively charged atoms moving away 
from the cathode. In a very careful series of experiments Wagner^ 
was able to show that when all precautions were taken to avoid 
these possibilities a small effect still showed. His apparatus is shown 
in Fig. 103. The positive rays come through the gauze cathode into 



the aluminium tube MM' whose inner surface is blackened. The 
reflector is at i?, and to avoid optical reflection a slit in it is focused 
on the slit of the spectroscope by the achromatic lens L. Using 
hydrogen rays and a long exposure he foimd a definite maximum 
on the red side of the lines. It was more marked with, gold as 
a reflector than with aluminium. From the spread of the line 
observed when the reflecting surface was viewed obliquely, the 
reflection appears to be diffuse. The energy of the primary rays 
was of the order of 2000 volts, that of the reflected 40 per cent, of the 
primary. The smaller the velocity of the primary rays the less was 
the difference caused by reflection. In most of the experiments the 
reflector was insulated, and on connecting it to the cathode there 
was an increase of current in the tube. This seems to suggest a 
possible source of error as the reflector may have been at a con¬ 
siderable potential, but Wagner says that he also observed the 
effect with the reflector connected to the cathode, and surrounded 
by a metal case. 

1 J. J. Thomson, Phil, Mag. xiv. p. 359, 1907. 

2 Wagner, Ann, d. Phifa. xli. p. 209, 1913. 
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Reflection of Sloiv Ions. 

The reflection of slow positive ions, of the order of energy of 
50 volts, has been investigated by Read ^ and Gurney^. The most 
striking result found by Gurney is that the reflected ions have quite 
a small range of energy, about i 4 volts, nearly independent of the 
angle of incidence. The mean energy loss increases with the devia¬ 
tion of the ions, and the number scattered correspondingly de¬ 
creases. Ions of about 40 volts were more scattered than faster or 
slower ones, the optimum voltage being about the same for lithium, 
potassium, and caesium ions. 

1 Read, Phys. Rev. xxxi. p. 155, 1928. 

2 Gurney, Phys. Rev. xxxii. p. 467, 1928. 



CHAPTER VI 

IONISATION BY X-RAYS 


We shall in this chapter mainly confine our attention to the 
ionising properties of the rays; it will, however, be convenient to 
enumerate some of their most important properties. Rontgen* 
found in 1895 that very remarkable efiects occurred in the neigh¬ 
bourhood of a highly exhausted tube through which an electric 
discharge was passing, the exhaustion of the tube being so great 
that a vivid green phosphorescence appeared on the glass. He 
found that a plate covered with a phosphorescent substance such 
as potassium-platino-cyanide became luminous when placed near 
the tube, and that a thick piece of metal cast a sharp shadow when 
placed between the tube and the plate; while light substances, 
such as thin aluminium, cardboard, wood, cast but slight shadows, 
showing that the agent which produced the phosphorescence on 
the plate could traverse with considerable freedom bodies which 
are opaque to ordinary light. As a general rule the greater the den¬ 
sity of a substance the more opaque it is to this agent; thus the 
bones are much more opaque to this effect than the flesh, so that if 
the hand is placed between the discharge tube and the plate the 
outlines of the bones are distinctly visible in the shadow cast on 
the screen, or if a purse containing coins is placed between the tube 
and the plate the purse itself casts but little shadow, while the coins 
cast a very dense one. Rontgen showed that the agent, now called 
‘ Rontgen rays,’ or ‘X-rays,’ producing the phosphorescence on the 
plate is propagated in straight lines, and is not bent in passing from 
one medium to another; there is thus no refraction of the rays. 
The rays affect a photographic plate as well as a phosphorescent 
screen, and shadow photographs can readily be taken: the time of 
exposure depends on the intensity of the rays, and this depends on 
the discharge through the tube and on the substances traversed by 
the rays in their passage to the plate; the time of exposure required 
to produce a photograph may vary from a fraction of a second to 

1 Rontgen, Wied. Ixiv. p. 1, 1898 (reprinted from the original paper in the 

Sitzungsherichte <1. Wiirzbiirger jfht/jt.-tnefL Gesellsch. 1805). 
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several hours. The power of the rays to penetrate obstacles in their 
path varies very much with the condition of the discharge tube 
from which they originate; when the pressure in this tube is not 
very low, and the potential difference between its electrodes conse¬ 
quently comparatively small, the rays have but little penetrating 
power and are readily absorbed; such rays are called ‘soft rays.’ 
If the exhaustion of the tube is carried much further, so that the 
potential difference between the electrodes is greatly increased, 
the X-rays have much greater penetrating power and are called 
‘hard rays.’ With a very highly exhausted bulb and a large in¬ 
duction coil it is possible to get rays which will produce appreciable 
effects after passing through sheets of brass or iron several milli¬ 
metres thick, while with modern equipment steel ingots 4 inches 
and more in thickness can be examined for internal flaws (cf. General 
Elect) ic Reviewj July 1932). The dift’erence in penetrating power is 
well shown by observing the changes which take place in the shadow 
of a hand on a phosphorescent screen, as the pressure of the gas in 
the discharge tube is gradually reduced. When first the rays appear 
they are so ‘ soft ’ that they are stopped by the flesh as well as the 
bones, so that the bones are very indistinctly seen. When the ex¬ 
haustion proceeds further the rays get harder, and are able to pene¬ 
trate the flesh but not the bones ; at this stage thediff'erence between 
the shadow of the flesh and the bones is most distinct. When the ex¬ 
haustion proceeds further the rays get so hard that they are able 
to penetrate the bones as well as the flesh and the shadow again 
becomes indistinct. Not only may the rays from different discharge 
tubes be different, but even the same bulb may emit at the same 
time rays of different degrees of hardness. The property by which 
it is most convenient to identify a ray is its hardness, and this is 
conveniently measured by the amount of absorption when it passes 
through a layer of aluminium or tinfoil of given thickness. Now 
in some experiments made by the writer and McClelland^ on the 
absorption produced when the rays passed through one layer of 
tinfoil after another, it was found that the absorption produced by 
the first few sheets of tinfoil traversed by the rays was much greater 
than that due to the same number of sheets after the rays had 
already travelled through several sheets of tinfoil. This shows that 

I J. J. Thomson and McClelland, Proc. Camh. Phil. Sac. ix, p. 12G, 1899. 
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some of the rays are readily absorbed by the tiufoil, while others 
pass through with much greater facility; thus the first few layers of 
tinfoil would stop the first kind of rays, while the remainder pass 
through with comparatively little absorption. McClelland showed 
that if he took plates of different metals, the thickness of the plates 
being chosen so that they gave the same absorption for the rays 


from one tube, they would not necessarily give the same absorption 


for the rays from another. 


X-ray Spectra, 

It has been shown by the work of von Laue and W. H. and W. L. 
Bragg that X-rays are light of very short wave-length. The ‘softest’ 
or least penetrating X-rays from an ordinary X-ray bulb have a 
wave-length of the order of 10“®, but by taking special precautions 
waves enormously longer can be obtained. The hardest X-rays 
so far measured have a wave-length of about 10“®, and the y-rays 
from radioactive substances are X-rays of still smaller wave-length, 
down to about 10'^®. The wave-length has been determined by 
passing the rays through a crystal, the regular structure of which 
acts in a manner similar to that of a diffraction grating, with the 
difference that the diffracting system is a three-dimensional one 
instead of being in two dimensions as in the case of the plane 
grating and ordinary light. 

The spectrum of the X-rays produced in an ordinary tube 
consists of a continuous background analogous to ‘white’ light 
and a number of sharply defined wave-lengths characteristic of 
the material of the anti-cathode which are analogous to the bright 
line spectrum of a sodium flame. These are the ‘ characteristic ’ rays 
discovered by Barkla from experiments on the scattering and 
absorption of X-rays. 

The continuous spectrum produced by a beam of cathode rays 
of uniform velocity has a sharp edge limiting it on the side of short 
wave-length. The position of this edge is given by a relation which 
is the same in form as that proposed by Einstein for the reverse 
effect in photo-electricity, namely E = hv, where E is the energy of 
the cathode ray, h is Planck’s constant 6-55 x 10“-^ and v is the 
frequency of the radiation produced. The position of the edge does 
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not depend on the material of the anti-cathode or on the intensity 

of the cathode ray stream. Only a vanishingly small proportion 

of the energy m the beam corresponds to the wave-length given by 

this formula, but there is no radiation of wave-length shorter than 

the above limit. Muller, and later Behnken, have verified this law 
with considerable accuracy. 

A somewhat similar result holds for the bright line spectrum, 
no bright line being produced until the energy of the cathode ray 
exceeds that corresponding to the frequency of the line by a small 
amount which varies in different cases. The bright line spectra of 
the various elements consist of groups of lines, the lines in each 
group being close together; indeed when first discovered the charac¬ 
teristic rays of each group were considered homogeneous. The 
group containing the lines of smallest wave-length for any parti¬ 
cular element belongs to a series varying regularly in wave-length 
trom element to element and known as the K series. The first 
characteristic radiations discovered were of this type. The fre- 
quency of the K radiation of different elements has been shown by 
Moseley to be approximately proportional to the square of the 
atomic number’ (order in the periodic table) of the element. It 
follows that the velocity of the cathode ray required to excite a 
characteristic K radiation is approximately proportional to the 
atomic number of the element excited, and this is roughly propor¬ 
tional to the atomic weight. Whiddington was the first to state this 
result in the form that the velocity of the cathode ray required to 

excite the K radiation of an element of atomic weight A is 10» A 
approximately. 

Besides the radiation of the K series, most elements can emit 
softer radiations known as the L and M radiations (in increasing 
order of wave-length). It is now known that all elements can emit 
raaiation of frequency agreeing approximately with Moseley’s 
formu a for the K series. For the lightest elements, indeed, it is 
difficult to observe owing to the great absorption, and for elements 
of very great atomic weight it is difficult to measure owing to the 
shortness of the wave-length. It has, however, been found and 
measured for uranium by Siegbahn. The L and M radiations only 
exist for elements of more than certain atomic numbers. For the 
elements of the first period of the periodic table the optical spectra 

T C E II ^ 


15 



226 


IONISATION BY X-RAYS 


may be taken as representing the L series, and in general as the 
atomic number increases down the periodic table the frequency 
of each characteristic radiation increases, and new characteristics 
pass from the optical into the X-ray region. For uranium Zr, M, 
N^ O and P series are known. 

The characteristic frequencies are independent of temperature 
and vary only very slightly with the state of chemical combination 
of an element. The characteristic radiation is impolarised and of 
equal intensity in all directions. These characteristic radiations 
are also produced when any X-ray, whose frequency is just a little 
greater than that of the characteristic, is incident on an atom, and 
it was in this way that they were originally discovered. Cor¬ 
responding to the K group there is an absorption edge of frequency 
rather greater than any of the lines. If the incident ray has a fre¬ 
quency greater than this the whole group of lines is excited, if not 
none of them are. For the L group there are three such absorption 
limits, each corresponding to a part of the lines in the group, and 
for the M group there are five. 

On the quantum theory of radiation hv represents the energy of 
the X-ray. If this is greater than the work required to remove an 
electron there is a chance of this happening and the atom becomes 
ionised. The return of the electron sets free energy which may 
appear again as radiation. In the case of X-rays the electrons 
removed are usually not the surface ones, as in ordinary ionisation, 
but are more firmly bound. They are regarded as disposed in 
‘levels’ each characterised by the amount of work required to 
remove an electron from it to infinity, and each one corresponding 
to an absorption edge. Thus we have one K level, three L levels 
and so on. The electron which comes in to take the place of that 
ejected will usually not come from infinity but from one of the less 
firmly bound levels. Thus the energy set free will not always be 
the same, and the frequency will vary correspondingly according 
to the quantum law. If WWj,, are the energies of the 

K and the three L levels we should expect lines whose frequencies 
would be given by hv = PF/,i, hv = TF^;— PF/,„, etc., with 

similar expressions involving the M levels. All the lines for which 
PF^i- is the first term w'ould count as the K series if they occurred, 
but actually many of them do not. Thus, for example, there are 
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only two lines involving the Zi levels. Rules can be devised, similar 
to those in use in the analysis of optical spectra, which express the 
exclusion of these ‘forbidden* lines. Besides the main lines there 
are faint ‘satellites* which may be connected with transitions, 
involving two electrons simultaneously. Fig. 104, from Andrade*s 
Structure of the Atom^ shows in diagrammatic form the main lines of 
the spectrum of tungsten. 
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The values of the levels can be deduced from an analysis of the 
wave-lengths of the emitted lines, as in the case of optical spectra, 
but there are two other methods available in the case of X-rays. In 
general, as the wave-length diminishes the X-rays get harder and 
more penetrating, but if it diminishes below the value corresponding 
to a level, this is excited with a sudden increase in the absorption of 
the rays, which suddenly lose penetrating power in the particular 
element. Absorption measurements with rays of known frequency 
thus enable one to locate the levels and form a check on the theory, 
but the method is not capable of the high accuracy which can be 
reached by the spectroscopic measurements. The other method is 
more accurate. It consists in measuring the speed of the electrons 
ejected from a solid by the rays. If the frequency of the primary 
rays is v, the energy of the electrons is given by -J- mv^ ^ hv IF, 
where W is the level from which they are derived. In addition to 
these electrons there are others which may be regarded as derived 
indirectly from the primary rays by way of the characteristic 
radiation. Thus if the primary rays are hard enough to excite the 
K radiation this will, in turn, eject electrons from the L and M levels. 
Electrons will appear whose energies are given by h mv~^hv^ — IF^ 
etc.; or substituting for 

\ mv^ = Wj, — 2 IFi, 

i - TF.„ - W,_, 


15-2 
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and a number of similar expressions. The velocity of the electrons 
is measured by deflecting them by a uniform magnetic field and 
recording their impact on a photographic plate after they have 
described a semi-circle. Electrons of diflerent speeds describe circles 
of different diameters and form a velocity spectrum on the photo¬ 
graphic plate. Even if the initial X-rays are not homogeneous the 
groups of electrons due to the characteristic rays will all have the 
same velocity and will form a line spectrum. This method has been 
much used by M. de Broglie and by Robinson and is capable of 
very high accuracy. An immense amount of work has been done in 
the study of X-ray levels and spectra and it would take us far 
beyond the scope of this book to attempt any detailed account of it. 

Electronic Emission and Ionisation. 

It was early found that X-rays ionise a gas when they pass 
through it: Perrin showed that the rate of production of ions per 
cubic centimetre by rays of given intensity is proportional to the 
pressure of the gas. McClung shoAved that it was independent of 
the temperature if the density was left constant, a result confirmed 
by Crowther for a range of temperature of — 180° to + 184° C., 
special care being taken to prevent the rays striking the testing 

electrodes. 

The ionisation produced by X-rays differs from most of the 
other effects we have considered in that it is not independent of 
the state of combination of the atoms. Thus Barkla and Simons 
found that the ionisation in a mixture of equal parts of SHg and 
was 1-16 times as great as that produced in a mixture of equal 

parts of SO 2 and H 2 . 

Dorn, and later Curie and Sagnac, showed that metals emitted 
negatively charged radiation Avhen struck by X-rays. This elec¬ 
tronic radiation is much more easily absorbed than the primary 
beam. It was for long a disputed question as to whether the ionisa¬ 
tion caused by X-rays was a direct effect or whether it was a con¬ 
sequence of their ejecting electrons from the gas similar to those 
produced from metals. C. T. R. Wilson has shown by means of his 
expansion chamber that the ionisation in a gas is due to a com¬ 
paratively small number of particles ejected from the gas imder the 
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action of the rays, each of which produces a large number of ions 

before it is stopped. Thus the ionisation is a secondary consequence 

of the electronic emission, except in the case of the negligible fraction 

of atoms which themselves furnish the electrons emitted and are 
therefore directly ionised. 


In his more recent work^ Wilson finds that there are several 
types of track produced in air by X-rays. The most obvious are 
long curly tracks like those produced by electrons of moderate 
speed. These are unquestionably due to the electrons ejected from 
the atoms of the gas by the direct action of the X-rays. Then there 
are much shorter tracks, one or two millimetres in length, ending 
in a little collection of drops (‘fish tracks’). (See Plate II, Vol. i.) 
Wilson has given strong reason for believing that these are caused 
by the scattering of a quantum of X-rays, which thus loses energy 
without being completely observed. They usually point nearly in 
the direction of the incident rays and are most prominent with 
hard rays. Finally there are little groups of drops which hardly 
show as a path at all. Some of these are short members of the 
second group, others are due to the action of characteristic X-rays 
excited by the primary beam. In air the characteristic X-rays are 
very soft, the hardest being the K radiation from argon, and when 
they are absorbed by an atom the electron ejected has a very short 
path, perhaps only producing about a dozen ions. These ‘sphere’ 
tracks often appear outside the main beam of X-rays, as might be 
expected from this explanation of their origin. 


The Auger Effect. 

Wilson noticed that about 20 per cent, of the long tracks had a 
short track starting from the same point. Auger ^ has studied this 
effect in detail. He has shown that the second track is the result of 
the disturbance of the atom due to the ejection of the first electron. 
Suppose, for example, that the first electron comes from the K 
level, the atom will have potential energy TF^-. It may radiate 
this as characteristic radiation in one or more quanta, but Auger 
suggests that it may instead use some or all of the energy to eject 
a second electron from a higher level. If it arrives at a state in 

X C. T. U. Wilaon, Pror. Roy. Noe. civ. p. 1, Il>23. 

Z Auger, Doctor » Paris, 1920 
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whicli there are two electrons missing from an L level, there will 
be available TFr— 2W ergs which can appear as the kinetic 


energy of the second electron. 


We may suppose that an electron 


falls from the L level to fill the empty place in the K level, and 
that the radiation Wj^ — is emitted and immediately absorbed 


by another L electron which will therefore appear with kinetic 
energy 2TFx. It is, however, probably better to keep to the 


observed facts and regard the process merely as an internal con¬ 
version of energy in the atom. After such a process the atom is 
doubly ionised, and it has again a choice as to whether it shall 
radiate the energy in two or more quanta, or again undergo the 
Auger process. The latter, for example, might leave it with four 
vacancies in the M level. There are obviously a large number of 
conceivable processes, for there is no necessity that the second 
electron should come from the next level, any more than in the 


corresponding quantum emission. 


Auger worked with inert gases diluted with hydrogen. He found 
it possible to identify, to a large extent, the different types of 
emission by the relative lengths of the tracks, using Whiddington s 
law. It will be noticed that the energy of the Auger electrons is 
independent of the frequency of the primary X-rays, and this is 
a valuable means of distinguishing them from the photo-electric 
electrons, or ‘secondary’ radiations as Auger calls them. The 
Auger or ‘tertiary’ radiation will consist of electrons of greater 
energy than the secondary if W r— hv-- W r. AVhen 

^v = 2(Pr^— Wl) the two electrons will give tracks of equal 
lengths. This has been observed in the case of xenon wdth X-rays 
of 35 kilovolts, 17*5 kilovolts being about the value of the quantum of 
the Kck lines. PI. IV, c shows such a case; tracks of quaternary 
electrons are visible at the common origin. If the radiation used is 
too soft to excite the K radiation of the gas the effect may still be 
observed in the i level. In this case the energy will be 2 IFor 

_ 2Wr which are in practice indistinguishable. With neon, even 
from the K level the tertiary electrons are too slow to do more 
than show as a thickening of the track at its origin, but in argon, 
krypton and xenon the effect is observed in both K and L levels. 
The upper part of PI. IV, c sho\vs L conversions. Quaternary 
electrons are observed for the former case both in krypton and 
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xenon, sometimes one and sometimes two being present; traces of 
quinary electrons have been found. Conversion of the Auger type 
is more common in the gases of lower atomic number. To measure 
the chance of conversion Auger has analysed some 200 tracks in 
each gas. It is necessary to be able to distinguish between the 
secondary radiation from the K. and L levels. This can be done 
from the length of the track if the energy of the quantum of the 
primary radiation is comparable with that of the K level. For argon 
it is difficult to get the rays soft enough for this, and an assumption 
was made as to the relative frequency of absorption in the two 
levels. 

The values of R in the following table give the fraction of the 
number of ionised atoms in which the energy was expended mostly 
in characteristic X-rays, R^ refers to cases when the secondary 
electron came from the K level and Ri^ to that from the 
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The two values of R^ for krypton are for different j^rimary 
voltages; they are the same, as one might expect. 

Absorption of X-rays. 

If a homogeneous beam of parallel X-rays passes through matter 
it diminishes in intensity according to the exponential law/= 

The coefficient of absorption /x may include the results of three 
separate effects, the emission of photo-electrons, the production of 
characteristic radiation, and scattering. The two last can be dis¬ 
tinguished since the hardness of the scattered radiation varies con¬ 
tinuously with that of the incident beam, and is never very different 
from it. It is usual to write yx = x -{- o-, where <j is the coefficient 
of scattering. Scattering is most important for the light elements; 
for hydrogen it accounts for most of the diminution in energy of the 
original beam, while for heavy elements it is almost negligible in 
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comparison with the other two effects. We will begin by considering 
the ionisation which is connected with the first two effects. 

The ‘ coefficient of transformation' t changes suddenly when the 
wave-length of the X-rays passes an absorption edge, i.e. when hv 
equals the energy of one of the levels. It is shown diagrammatically 



in Fig. 105. Between the absorption edges, r varies as a power of A 
near 3 (see below). It is natural to regard t as made up of compo¬ 
nents due to the electrons in the different levels and we will write 

T = -h T/, -h Tj/ -f- ... . 

Ionisation experiments are usually not sufficiently accurate to make 
it necessary to introduce the refinement of considering the multi¬ 
plicity of the absorption levels etc. 

If V is the frequency of the primary X-rays, the number of 
electrons ejected from the K level per quantum primary radia¬ 
tion per cm. path is The energy of these electrons is 

Tn (hv — Wi^jhv^ while the potential energy of the ionised atoms 
is Wjcihv. As we have seen, some of this energy is emitted as 
electrons, while some appears as characteristic radiation of the K 
and softer series. We will ignore the small amoimts of energy in¬ 
volved in cases in which the atom, after undergoing the Auger 
effect between K and L levels, then emits the balance as X-rays, 
and vice versa. Accordingly will measure the fraction of the 
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potential energy which appears as characteristic X-rays. The total 
energy in the electrons will be 

-w^ + a- R^)-w^} = Rk w^ih^). 

Though the experiments on the energy required to produce a pair 
of ions by electron collisions do not give very consistent results 
(p. 103), all experimenters agree in finding little or no variation with 
the speed of the electron (for experiments with X-rays see below, 
p. 236), so the ionisation for complete absorption of the photo- 
electrons can be found by dividing their energy by a constant 
which we will call A. To the expression (1 — WKlhv)IA thus 
found must be added an indefinite amount caused by absorption of 
the characteristic X-rays in the gas, and the release of electrons 
from the walls of the ionisation chamber by the primary and charac¬ 
teristic X-rays. In many cases the former effect is small, the latter 
must be allowed for carefully. If hv is only slightly greater than 
the contribution to the ionisation of the K absorption is 
(1 Rji^jA. 

So far we have considered the ionisation i per unit path due to 
the beam. The results are quite different if the chamber is large 
enough to absorb most of the X-rays. In this case it is reasonable 
to suppose that most of the energy finds its way into the form of 
electron kinetic energy, for the characteristic radiation will itself be 
absorbed and in doing so will eject photo-electrons. The ionisation 
for a beam of intensity I is simply IjA. We have throughout 
tacitly assumed that no energy is lost from the beam except by 
scattering and the quantum jjrocess. 

To calculate the ionisation, and compare the above theory with 

experiments, we need to know the quantities etc., /?/.', etc., 

and K. L> , A, 


Absorption Coefficients. 

The usual method of measuring the absorption coeflicient of a 
su Jstance is to allow a parallel beam of X-r.ays of known wave-length 
to pa.s3 through a number of sheets of the substance and to measure 
le c ange in the ionisation produced in a fix<‘d chamber as the 
um >er or thickness of the sheets is varied. As long as the radiation 
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is homogeneous it is immaterial what fraction of the energy- 
entering the chamber actually produces ionisation, for the fraction 
will be constant. When characteristic radiations are produced in 
the absorbing substance allowance must be made for the fraction 
of these which enters the chamber. This method determines ju., and 
to find T we must subtract the coefficient of scattering cr. Un¬ 
fortunately this quantity is seldom known with any accuracy, but 
for heavy atoms and long or moderate wave-lengths it is relatively 
small. 

Barkla early showed that the ratio of the absorption coefficients 
for any two substances was constant as long as the change in wave¬ 
length did not cause any fresh characteristic to be excited. Since 
the absorption of X-rays has been known from the early work of 


Benoist to be at least approximately an atomic effect, it is natural 


tJiW 

to consider the atomic absorption coefficient = , where W is 


the atomic weight in grams. Bragg and Pierce found that their 
results could be represented by a formula of the type — CZ“A*’, 
where Z is the atomic number, in agreement with Barkla’s law. 
Later authors have kept to this type of formula, sometimes with 
the addition of a small term c, which is added partly to give better 
representation of the results, but also in the hope that it might 
represent the scattering which there is reason to suppose does not 
vary much with A. The value of C must, of course, be different 
on the two sides of an absorption edge, and possibly a and b differ 
too. A large number of experiments have been made on these 
lines, with results which show considerable differences. There is, 
however, general agreement that through most of the range a is 4 
or nearly so, while h is slightly under 3. Some authors consider that 
the divergence from whole numbers is within the experimental 
error, but it is noticeable that no one finds 6 > 3. 


The measurements of Allen * are among the most recent 
and complete. From Z = 6 (carbon) to Z = 74 (tungsten), and 
from A = *08 to -71 (angstroms), he finds a = 4, b = 2*92, while 
C = 2*18 X 10“^* if the K radiation is excited and *29 x if it 

is not. For the heavier elements up to bismuth divergencies appear. 
Thus where the K radiation is excited p./p diminishes as Z increases 


I Allen, l^hys. Rev. xxiv. p. 1, 1924; xxvii. p. 266, 1926. 
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from gold to lead through bismuth, for which it is less than for 
tungsten nine places earlier in the atomic table. The second term 
in the formula, expressed in the form of o-//>, i.e. as mass scattering 
not atomic scattering, increases with atomic number from *144 for 
aluminium to *5 for tungsten at *12 A. and varies somewhat with A. 
Backhurst^ using longer wave-lengths (•63-2-0) found for silver 
6 = 2*79 and for aluminium 2-91, while for gold and platinum 
whose L absorption edges come in this region the indices of different 
parts of the curve were from 2-6 to 2*91 and 2*60 to 2*64 respec¬ 
tively. For copper the index was 2*95 on the long wave-length 
side of the K edge and 2-72 on the short. Martin^ found a similar 
change for copper and nickel. For the L discontinuities of mercury 
Uber3 finds 2*66 on the long wave side, and 2-56 on the short. 

There is no influence of temperature on /x/p, and the effect of 
combination, though it exists, is very small. Like the emission 
lines, the absorption edges show a fine structure which depends on 
the state of chemical combination, but its influence on ionisation 
in gases is too small to be detectable by the ordinary methods. 

A point of interest is the ratio of the values of r on the two 

sides of an edge. If formulae of the Bragg-Pierce type held on both 

sides with the same value of a the ratio would be constant for 

all elements. For the K edge Allen finds 7-8 for elements up to 

tungsten, after which it diminishes down to 4-1 for bismuth. Other 

experimenters including Richtmyer have found a similar effect. An 

interesting formula has been put forward by Richtmyer, who has 

done much work on absorption and allied problems, according to 

which the ratio is equal to that of the critical frequencies, or in 
symbols 

+ '^L2 + ~L3 ’ 

where is a mean for the three L absorption edges. 

1 Backhurst, Phil. Mtuj. vii. p. 353, 1920. 

2 Martin, Proc. Camh. Phil. Sac. xxiii. p. 7«3, 1927. 

3 Uber, Phy.<t. Rev. xxxviii. p. 217, 1031. 
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Energy reguired for Ionisation. 

We have seen that the average energy required to produce a 
pair of ions by means of electrons or a rays is considerably more 
than the ionisation potential would suggest. Part of the difference 
is accounted for by the energy consumed in excitation, part by the 
energy left in the secondary electrons when they cease to be fast 
enough to ionise, part perhaps by the dissociation of the molecules 
of the gas. A similar result holds in the case of ionisation by X-rays. 
Measurements have been made by various workers of the ionisation 
produced by the complete absorption of a beam of X-rays, whose 
energy is found in a separate experiment by measuring the heat 
evolved when it is absorbed in a solid. 


The second experiment is a difiB.cult one. If the absorbing system 
is made small, it is difficult to prevent the escape of an unknown 
part of the energy as secondary radiation, while if it is large the 
temperature rise becomes small and difficiilt to measure. It is also 
difficult to determine with accuracy the fraction of the radiation 
absorbed in the ionisation chamber. It is not surprising therefore 
that the results show considerable divergence. The following table 
shows the values found by various recent workers for the energy 
in electron volts required to produce one pair of ions in air. 


Author 

Voltage of X-rays 

Energy 

volts 

Reference 

Kircher and Schmitz 

8-25 k.v. 

21 

Zeits. f. Pkys. xxxvi. 
p, 484, 1926 

Kulenkampff 

7-22 k.v. 

35 ±5 

Ann. d. Pkys. Ixxix. 
p. 97, 1926 

Rump 

100-150 k.v. 

33 

Zeits. f.Pkys. xliii.p.254; 
xliv. p. 396, 1927 

Crowther and Bond 

A = -6-75 

42-5 

Phil. Mag. vi. p. 401, 
1928 

Steenbeck 

1 

A = 1 ■5-2-3 

28 ± 6 

Ann. d. Pkys. Ixxxvii. 
p. 811, 1928 


The last experimenter used a point counter and measured the 
number of quanta in the X-ray beam, instead of measuring the 
energy by a thermal method. 
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Gaertner^ has made absolute measurements on a number of 
gases. He used a high pressure chamber so that nearly all the 
radiation was absorbed. For a wave-length 1*38 angstrom the 
values were: 


Air Ng O 2 Ar Clo 
36-4 40-8 34*4 29-6 23-6 

while for A = 1*27 he found: 


Bro Ig CH3CI CHjBr CH3I 

27-0 28-8 260 28-7 29-8 


Ne Ar Kr Xe 

■^^3-2 28-8 32-4 47 5(?) 

For argon over a range from *345 to 1*38 angstrom the energy re¬ 
quired per ion pair was constant within the error of experiment. 

Relative measurements have been made for a number of gases 
using the secondary electronic emission from a solid as the ionising 
agent. At the time these experiments were made it was still in 
doubt how the ionisation by X-ra^’^s was caused, and the agreement 
which was found, as we shall see, between the ionisations for equal 
electronic absorption and those for equal X-ray absorption was 
strong support for the view that X-rays ionise by the ejection of a 
few fast electrons. The method of e.xperiment was one which played 
a very important part in the disentangling of the rather complicated 
relations between ionisation and the various secondary radiations 
which ended in the adoption of the quantum theory of X-ray 
absor 2 )tion as we have sketched it above. Essentially it consisted in 
measuring the ionisation produced when a beam of X-rays jjassed 
axially through a parallel plate condenser filled with a gas under 
variable pressure. The ionisation in such a case is the result partly 
of the secondary electrons from the molecules of the gas and partly of 
those from the solid ends. By varying the pressure of the gas it is pos¬ 
sible to find the magnitude of the first effect, for if the pressure is high 
enough for the electrons from the ends to be completely absorbed 
in the gas, any further increase of ionisation with gas pressure must 
be due to electrons from the gas itself. The effect of the ends can 
be diminished by making the chamber long, or by making the ends 
of some substance such as paper or carbon from whicli the secondary 
electron emission is small. By taking the difference between the 
ionisation in this case and one in which the ends are of a heavy 
material, for example, coated inside with gold foil, it is i^ossible to 


Gaertner, Ann. d. Phys. ii. p. 94, 1029; iii. p. 325, 1920; x. p. 825, 1031. 
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find tfie effect of the electronic emission from the gold and to com¬ 
pare it for different gases. The relative values of IJA (air = 1), thus 
found are shown below: 


Gas 

1/-4 (air = l) 

ijr (air = l) 

Gas 

If A (air = i) 

H2 

1 

1*02 

1 

1 

1 

1 

NO 

1-02 

N2 

•93 ' 

1 

0-982* 

NH3 

1-22 

O2 

1-10 

1-103* 

CS2 

1-26 

CO2 

1-02 

1 1-024* 

CHCI3 

l-Ol 

SH2 

1-33 1 

l-27t, 1-41* 

HCl 

1-16 

SO2 

0-96 

0-90t 

CCI4 

1-07 

CgHsBr 

1-50 

l-60t 



CH3J 

1-48 

l-40t c. 




* Crowtlier and Orton, Phil. Mag. x. p. 329, 1930. 
t Barkla and Philpot, loc. cil. 


The gases in the first column were tested by Barkla and Philpot ^, 
those in the fourth by Moore Barkla and Philpot and Crowther 
and Orton have also measured the ionisation i by X-rays for 
given absorption coe£B.cient r. As will be seen from the table, the 
quotient is proportional to If A. The relative ionisation by elec¬ 
trons was found to be independent of the hardness of the 
primary X-rays which produced the electrons, and hence of their 

velocity. 

Innes had previously shown that the velocity of the electrons 
emitted under the action of X-rays is roughly independent of the 
substance, so that the above results indicate that equal numbers of 
electrons are emitted for equal absorption of the X-rays. This 
was a powerful support for the view that the energy of X-rays is 
absorbed discontinuously in definite quanta. 


Yield of Characteristic X-rays and Secondary Electrons. 

Of the extra absorption of energy which occurs when the 
characteristic K radiation is excited, part will appear as charac¬ 
teristic X-rays and part as an extra emission of secondary electrons. 
On the theory described above the fractions are respectively 

1 Barkla and Philpot, Phil. Mag. xxv. p. 832, 1913. 

2 Moore, Proc. Roy. Soc. sci. p. 337, 1915. 
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and 1 — Ws:lhv to a fair degree of approximation, 
where is Auger’s ratio. Measurements of the yield of charac¬ 
teristic radiation thus afford a means of finding and the varia¬ 
tion with V is a check on the theory. Such measurements were first 
made by Sadler*; they have been repeated by HarmsA. H. 
Compton^ and others. We will describe the work of Compton 
which was a slight modification of Sadler’s original method. The 
X-rays used were characteristic radiations from the (variable) 
metal . They excited other characteristics in the radiator R^ which 
were received and measured in the ionisation chamber S, filled with 



Fig. 106. 


CHgBr. The original beam was standardised by moving the chamber 
to A and removing R^ while was used to measure the fraction 
absorbed in the chambers. If the intensity of the primary beam is I 
before striking R^^ the intensity at a depth s, measured obliquely, 
is The characteristic radiation produced is Rr^Vr'^k dsjkv. 

Of this ^^^2 will reach the ionisation chamber B, where r is 

the distance of B, the area of the hole in /Sg and /x' is the absorp¬ 
tion coefficient for the scattered radiation. R^ is at 45^ both to the 
original beam and to r, so that the distances which the rays have to 

1 Sadler, Phil. Mwj. xviii. p. 107, 1900. 

2 Harms, Ann. J. Phys. Ixxxii. p. 87, 1026. 

3 A. H. Compton, Phil. Mag. viii. p. 060, 1029. 
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travel in entering and emerging are the same. Integrating for s from 
0 CO the total radiation entering B is seen to be 

jf _ ^-^2 

47rr^ hv (yx ■+■ fji') ' 

All the quantities here are known from absorption and frequency 
measurements except which can therefore be found when Fj! 
is measured. Allowance was made for the characteristic radiation 



Atomic Number, Z 
Fig. 107. 


of the bromine (when it was excited), some of which would escape 
to the walls of the ionisation chamber, otherwise the ratio of the 
ionisations is taken to be the ratio of the energies absorbed in the 
ionisation chambers. To calculate the allowance for characteristic 
radiation an approximate value of for bromine was first assumed, 
and then a further approximation taken by interpolation from 
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the results calculated for the elements tested in these experiments. 
Compton’s results, together with those of Auger and of Harms as 
corrected byCompton are shown in Fig. 107. There was no variation 
of with V, It is satisfactory to see the good agreement between 
the values of found by Compton and Harms and those found by 
an entirely difierent method by Auger. 

If the various absorption coefficients, the Auger coefficients and 
the value of A are known for a gas we have a means of calculating 
the photo-electric ionisation in it. It is of interest to examine a 
few of the earlier experiments in the light of this theory and see 
how they fit in with it. It should be remembered that the broad 
outlmes of the process of ionisation by X-rays were discovered by 
experiments of the type to be described, largely by Barkla and his 
co-workers, before the discovery of X-ray spectroscopy and the 
application of the Wilson method to this problem. 

It was early shown by Sadler that there was a sudden marked 
increase m the electron emission from a metal plate when the hard¬ 
ness of the primary X-rays was increased sufficiently to excite the 
characteristic. If we ignore the difference in energy between the 
Auger electrons and those produced by direct photo-electric action 
from the outer levels, all the electrons will be of the same velocity 
and can be regarded as coming from the same shallow layer. The 

^tio of the increase in electron energy to its value for the softer 
X-rays is then 

(1 ^k) 

'^L + 'T.u + 

Later measurements by Barkla and Dallas S in which the effect 
of the characteristic X-rays in producing electrons was allowed for 
by varying the thickness of the plate, gave about 0-5 for this 
fraction in the case of silver and tin. Taking A- ...1 = 6-8 

from Allen’s measurements, this makes Rg- = -93. This is too high 
but experiments of this type are not capable of great accuracy. ’ 

Beatty 2 had made it probable, by determining the part of the 
lomsation in an ionisation chamber due to electron emission, that a 
constant fraction of the absorbed energy of the X-rays appeared as 

1 BarkJa and Dallas, Phil. Mag. xlvii. p. 1, 1924. 

2 Beatty, Phil. Mag. xx. p. 320, 1910. 

i6 
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electrons. Bragg and Porter * had extended this result by showing 
that, even when characteristic radiation is excited, the yield of 
electronic emission for a given X-ray absorption is unchanged 
provided that the energy of the characteristic radiation is sub¬ 
tracted from that of the original beam. Though experiments such 
as these involving the measurement of the electrons ejected from 
solids were of great importance in the pioneer stage, they are un¬ 
suited for exact measurements because the absorption of electrons 
in solids is such an extremely complicated process. 

We have seen that the ionisation per unit absorption in a gas is 
proportional to the ionisation due to electrons. It may be useful to 
record the relative ionisations jper unit path as found from the 
measurements of Barkla and Philpot and others. So long as no 
absorption edge is passed the numbers are approximately indepen¬ 
dent of the wave-length; the figures in the upper line are means; 
those in the lower line are by Crowther and Orton {loc. cit.). 


Gas 


N. 


Ionisation coefficient 

(air= l)(A = 0*5-2-2) 
(air= 1)(A= 1-54) 


CO, 


N«0 SH, I SO, C 2 H 4 


72 1-32 1-40 1-33 150 11*9 

743 1-438 1-53 — 14-96 ' 



508 


300 


250 


200 


160 


100 


50 


0-2 oU 0-6 O^ VO 1-2 v'4 1-6 1-8 “^oA 

Fig. 108. ^ 

Barkla found for CaHgBr the value 50 when the bromine char¬ 
acteristic was not excited, and about 176 for CH 3 I. When the 

I Bragg and Porter, Proc. Roy. Soc. Ixxxv. p. 349, 1911, 
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characteristic is excited there is a sudden jump followed by a steady 
increase. Beatty s measurements for SeHg are shown in Fig. 108 
(taken from Bothe s article in HaTidbuch der Physik^ xxiii). 

On the above theory the relative ionisation coefficient i is given 
by i = ^ kI^v) + t'l + ••• 

where the dashed symbols refer to air and the first term of the 
numerator is to be omitted if the K radiation is not excited in the 
selenium. For the variation with A we have 


A Lt' -r'.hc 

which IS Imear in A. For the jump in ionisation at the absorption 
edge we find 


Tsi (1 — Rs) 

... 


Beatty finds 1*7 for this, which gives 1 — R^ = l-7/6‘8 = *25, which 
is of the right order. * 


Since the absorption of X-rays is an additive property, and the 
electronic emission for equal absorption is the same for all sub¬ 
stances in which the characteristic radiation is small, the electronic 
emission must itself be additive. Moore^ has made experiments to 
test this point by determining the electronic ionisation factors for a 
number of compound gases and also the ionisation coefficients. The 
quotient of the latter by the former was found to be an additive 
quantity for the atoms of the elements tested. An atomic emission 
coefficient can therefore be calculated. Values of this quantity, 
relative to air, are given by Moore for copper A radiation. 



I Moore, Proc. Jiot/. Soc. xci. p. 337, 1915. 


X6-2 
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It will be seen that h^oz in accordance with the law of 
absorption, the experiments not being snfficiently accurate to 
distinguish between a variation with the atomic weight A and the 
atomic number Z. It is important to notice that the ionisation 
coefficient itself is not an additive property for the molecules of a 
compound gas, for the electronic ionisation of a gas is a property 
of the molecule which cannot be calculated from the values for the 
elements forming it. 

The division of the ionisation and absorption into contributions 
corresponding to the different electronic levels does not hold good 
for the sub-levels. Robinson has shown that the relative intensity 
of the photo-electric emission from the and sub-levels 

varies from element to element, even when the L level is complete 

for all. 


Asymmetry of Photo-electrons, 

It was shown by Cooksey^ and by Beatty^ that the electronic 
emission from the two sides of a thin sheet of metal was different, 
that from the side on which the X-rays were incident being less than 
the ‘ emergence' emission. This directive effect has been studied by 
a number of workers who have confirmed its existence, but the 
method of irradiating solid sheets is not a good one for its quanti¬ 
tative study. The complications due to scattering of the electrons 
in the layer and to the emission of S-rays which they cause, make it 

very difficult to draw precise conclusions, and the experimenters have 
not tried, as a rule, to determine the precise angular distribution. 
One important result has been reached by Seitz 3 who examined the 
velocities of the electrons by magnetic deflection and showed that 
they were the same on the two sides. The dissymmetry is thus a 
statistical one. He also found an asymmetry in the reverse sense for 
electrons due to secondary characteristic radiation. Since charac¬ 
teristic radiation is emitted with spherical symmetry this result 
is to be explained by the absorption of the primary beam. 

^ jj^uch more powerful method of attack is afforded by C. T. R. 
Wilson’s cloud track method. Wilson found that there was a 

1 Cooksey, Nature, Ixxvii. p. 509, 1908. 

2 Beatty. Proc. Camb. Phil. Soc. xv. p. 492. 1910. 

3 Seitz. Phys. Zeits. xxv. p. 546, 1924; xxvi. p. 610, 1925. 
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tendency for the fast photo-electrons to be emitted with a com¬ 
ponent of velocity in the direction of the original X-rays. His 
beam was partially polarised and he found also a distinct tendency 
for the electrons to be emitted in the plane containing the electric 
vector of the primary beam. There is therefore both a longitudinal 
asymmetry and a lateral directive effect. 

By assuming that an impolarised beam can be resolved into 
a number of polarised beams which do not interfere, Auger and 
Perrin^ find that if there were no longitudinal asymmetry the emis¬ 
sion would be proportional to cos^ 9, where 9 is the angle the path of 
the electron makes with the electric vector. It is natural to attri¬ 
bute the preferential forward motion of the electrons to the momen¬ 
tum of the light which is destroyed in the act of absorption. On the 
quantum theory one might expect this momentum to be livjc, since • 
the energy in a beam of light on the classical theory is c times its 
momentum; we shall see that this expression for the momentum is 
that required to explain the Compton effect (p. 267). The distri¬ 
bution has been calculated^ by assuming that a constant forward 
momentum is added to each of a system of momentum vectors 
Tg with a direction distribution given by the cos^ 9 law, the mag¬ 
nitudes of the vectors being so adjusted that the resultant of 
each with gives a momentum in accordance with the quantum 
law for the energy of a photo-electron. It can be showm that the 
average forward momentum of the photo-electrons is %T^. To 
get a measure of the dissymmetry, various quantities can be”taken 
and those generally used are p the ratio of the forward to backward 
scattermg, cos ^ the mean value of cos where <f> is the angle a 
track makes with the direction of the X-rays, and <i>^ the value of ^ 
such that half the number of tracks have ^ If a is defined as 

%’^m ~ then these quantities are connected by the expressions 

(/> - 1)/(P + 1) = ka, 

cos <ji = kcTy 

cos ^6=5 k(j and k = Vhvl'Imc'^y 

the binding energy of the electrons being neglected. In this case 
k = v/2c, where v is the velocity with which the electron is ejected. 

1 Auger and Perrin, Journ. de Phys. viii. p. 92, 1927. 

2 Williams, Nuttall and Barlow, Proc. Roy. Soc. cxxi. p. 611, 1928. 
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The experimental results are all in favour of a formula of this 
general type in the case of emission from the K level. For example, 
Fig. 109 from Williams, Nuttall and Barlow's paper gives the distri¬ 
bution of about 800 photo-electrons in air. The full curve a 
corresponds to the cos* $ law without asymmetry, and b is the same 
but with a suitably chosen asymmetry factor. AU experimenters 



the electrons come from the K level. In measuring the asymmetry 
care must be taken that the X-rays are strictly monochromatic, 
otherwise the preferential absorption of the softer rays will make 
them coimt for more than their share of electrons. 

The values of cr found by some of the more recent observers are 
shown in the table: 




1 

Number 





Gas 

A in 
ang¬ 
stroms 

of photo¬ 
electrons 

9 calculated from 

Observer 

1 

examined 

1 

cos <f> 

P 



Air 

0-71 

250 

1 

2-1 


Defoe, Phil. Mag. xlix. 



1 

1 



p. 817, 1925 

O 2 + 

0-71 

450 

2-0 

2-1 

2-0 

Loughridge, Phys. Rev. 

argon 






XXX. p. 488, 1927 

Argon 

013 

300 


1-4 

1-3 

Kirchner, Ann. d. Phys. 






Ixxxiv. p. 899, 1927 

Air 

0-60 

779 

1-38 

1-39 

1-34 

Williams, Nuttall and 

(mean 

value) 

Air 

1 

1 





Barlow {loc. cit.) 

0*71 

272 

1-39 

1*50 

1-47 

Anderson, Phys. Rev. 


0-56 

200 

1-43 

1-49 

1-59 

XXXV. p. 1139, 1930 

Argon 

0'21 

1000 

1-34 

1 

1-45 , 

Auger, Joum. de Phys. 
ix. p. 225, 1928 

Argon 

1 

0-87 

1200 

1-41 


1-52 

Auger, Comptes RendtiSy 






clxxxvii. p. 1141, 1928 

Argon 

0-135 

586 

■ 

1-28 

1-45 

Lutze, Ann. d. Phys. 
vii. p. 853, 1931 

Argon 

0-134 


1-30 

— 

1-16 

Auger, Comptes RendxiSy 

1 

1 

1 




cxcii. p. 672, 1931 


Difierences between the values for a in the three columns 
indicate a divergence from the cos* 6 law. 

The form of the distribution curve is the same when the elec¬ 
trons come from the K level of a heavy atom as when they come 
from air, but the asymmetry is less. This seems first to have been 
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established by Bothe*, who detected the photo-electrons by a 
Geiger point counter, and has been confirmed by several other writers. 
It appears ^ that for all K electrons the asymmetry is a function of 
the speed of the photo-electrons, whatever the binding energy. It 
is thus convenient to take = v/ 2 c in all cases, and this has been 
done in calculating cr for the above table wherever the binding 
energy is appreciable. 



Fig. 109. 

When the electrons come from the L level they show a greater 
average forward component for the same velocity, and the spread 
of the distribution curve is more, especially for those produced by 
the l onger wave-lengths. Thus Anderson 3 found with A = -71 A. 
that cos was *182 for air and -230 for the L electrons from CH 3 I, 
but the asymmetry p was greater for air, being 2*17 against 2 for 
the L electrons. The effect of the greater spread in diminishing p 
is more than that of the greater forward momentum in increasing it. 
Watson and Van der Akker4, who used a method of magnetic 
deflection to distinguish the electrons from different levels, found 

that the K and had a similar distribution and the and Z,ii 
electrons a more diffuse one. 

There are fewer observations available of the distribution of the 

1 Bothe, ZeiU.f. Phys. xxvi. p, 59, 1924. 

2 Auger, Comptes Rendus, clxxxviii. p. 447, 1929; cxcii. p. 672, 1931. 

3 Anderson, Phya, Rev. xx.xv. p. 1139, 1930. 

4 Watson and Van der Akker, Proc. Roy. Soc. cxxvi. p. 138, 1929: Phua. Rev 
xxxvii. p. 1631, 1931. 
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photo-electrons in a plane normal to the X-rays. For these it is 
necessary to use polarised X-rays. Bubb ^ found a strong concen¬ 
tration parallel to the electric vector, and according to Auger and 
Perrin his results are in agreement with the cos^ Q theory. Kirch- 
ner^ found that nearly 60 per cent, of the tracks, when projected on 
a plane normal to the primary beam, lay within 15° on either side 
of the electric vector, and 37 per cent, in half that range. Both 
used rays scattered at right angles by a paraffin block, which were 
probably at least 90 per cent, polarised. Kirkpatrick 3 has examined 
about 2000 tracks, his X-rays were not so strongly polarised but 
were selected for wave-length (c. -53 A.) by reflection from a crystal. 
After subtracting a considerable isotropic distribution, ascribed to 
the unpolarised fraction of the X-rays, the remainder showed 
excellent agreement with the cos^ Q law. This law also holds for 
the photo-electrons ejected from potassium vapour by ultra-violet 
light 4, 

Theory. 

Sommerfeld has brought forward a theory of the photo-electric 
asymmetry on the principles of wave mechanics, several variants of 
which have been considered by later writers. To a first approximation 
they lead to the kind of distribution considered above, but the 
value predicted for the asymmetry varies considerably. It is 
convenient to express the results of the theories in terms of 

, 5(7 V 

cos = -g . -, 

where a is the quantity tabulated above for the various experi¬ 
ments. SommerfeldS finds cos — vjc or cr = 1*6. Wentzel, quoted 
by Anderson, finds the same. Szczeniowski who used Dirac’s 
wave equation, found cos <f>i, = vl‘2c or <t = *8. Carrelli^^ who followed 
Sommerfeld’s method, found 

<7 = 1-44 [1 — 6*41 X 105 ^2 -f- *40 

1 Bubb, Phys. Mev, xxiii. p. 137, 1924. 

2 Kirchner, Phys. Zeits. xxvii. p. 385,1926; Ann. d. Phys. Ixxxiii. p. 521, 1927. 

3 Kirkpatrick, Phys. Rev. xxxviii. p. 1939, 1931. 

4 Chaflfee, Phys. Rev, xxxvii. p. 1233, 1931. 

5 Sommerfeld, Wave Mechanics, Methuen, p. 192. This contains a correction 

of the German edition, which gave cos or a = 1-44. 

6 Szczeniowski, Phys. Rev. xxxv. p. 347, 1930. 

7 Carrelli, Zeits. f. Phys. Ivi. p. 694, 1929. 
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as a second approximation. Apparently the first factor of this 
repeats Sommerfeld’s original error. 

Ionisation by X-rays is an effect which provides one of the 
strongest proofs of the quantum theory of radiation. Apart from 
the form of the law connecting the frequency and energy of the 
photo-electrons, the magnitude of the energy transferred is quite 
inexplicable on the assumption that it is derived from a continuous 
distribution in a wave front. It would take years for an electron 
to acquire sufficient energy from a wave corresponding to the 
intensity of average X-rays, while actually the electrons are emitted 
instantaneously. Further, the fact that equal numbers of fast 
electrons are produced by the complete absorption of a given beam 
of X-rays in any gas is very strong evidence for the unitary character 
of the energy in such a beam. We have seen how well the quantum 
theory fits the detailed experimental facts. But though the distri¬ 
bution of the energy absorbed from X-rays is totally different from 
what would be predicted on a classical theory, it is remarkable that 
the average absorption is predictable almost accurately in form 
and, to the order of magnitude, in amount. Jauncey following up 
work of A. H. Compton and L. de Broglie, has shown that a fair 

approximate formula for the absorption of X-rays by any atom is 
given by 

= 1-71 X 10-20A3S ^ 

where is the number of electrons in a level whose absorption 

wave-length is angstroms and the summation extends over all 
levels for which > A. 

Classical Theory of A.bsorptioii^ 

Now in the previous edition of this book an expression was 
found for the absorption of X-rays as follows. Let us consider 
the effect produced on an electron when a pulse, one half of which 
13 positive and the other negative, passes over it. Let AT, — A be 
respectively the electric forces in the positive and negative halves 
of the pulse, d the thickness of either pulse, V the velocity of light; 
then the positive pulse gives to the electron a velocity XedlVm] 
and the electron on the arrival of the second pulse will have moved 

1 Jauncey, Phil. Mag. xlviii. p. 81, 1924. 
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through a distance J (XedlVm) (d/V). The second hah of the pulse 
gives to the electron a momentum equal and opposite to that given 
to it by the first pulse and thus reduces it to rest: the joint action 
of the pulse on the electron is to leave the velocity unaltered, and 
to displace it through a distance ^ given by the equation 

* _ Xe d d 
V V' 

If we suppose that the ion was in equilibrium in the position 
^ = 0, and that when displaced from this position the force tending 
to bring it back is the work done in displacing the electron 
through the distance f is thus the energy communicated to 

the electron is 

1 X^e^ d^ 

V^' 

If B is the energy in the pulse per unit area, we have 

1 X^d 


E = 


27T 


hence the work done on the electron is equal to 


d^ 


E. 


= ixlm. 


^2 

If n is the frequency of the free vibration of the electron, 477^^ 
so that the work done on the electron is 

I; f. ^ 

- fc. ^ f . E. 
mX/ 

where Xj. is the wave-length of the free vibration of the electron. 
Thus the work done on the electrons when the two pulses travel 
over a distance 8x is equal to 

47r^-- E8x = hE8XjSSiy, 

where N is the number of electrons giving out light of the wave¬ 
length Aj. in unit volume; hence we have 

g=-«. 


E = 


hx 


or 
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If we write X ~ 2d the expression for the atomic absorption 
becomes with e in e.m.u. 

^ - A3 S , 

2 m Aa.3 

where is now the number of electrons of type a; in a single atom. 
If A, Aa; are measured in angstroms this is 4*34 x lO'^o ^3 ^ 
constant being about two and a half times that found empirically. 

Scattering of X-rags. 

When a beam of X-rays passes through matter a certain propor¬ 
tion is scattered in all directions. The wave-length of this scattered 
radiation may be the same as that of the original beam or it may 
be longer^, but in any case it varies continuously with that of the 
primary, and so is sharply distinguished from the characteristic 
radiation which may accompany it. Another difference is that the 
scattered radiation is at least partially polarised while the charac¬ 
teristic radiations are quite unpolarised. The relative importance 
of scattering and photo-electric transformation varies with the 
substance and the wave-length. Since the variation of scattering 
with Z and A is, as we shall see, comparatively small while r cc Z'^X^ 
approximately, scattering is most important for small Z and A. 
Thus for hydrogen with ordinary X-rays almost all the very small 
absorption is due to scattering, the measurements which have been 
attempted of the photo-electric emission leading to small and 
inconsistent values. Again for y-rays and all but the heaviest 
elements, scattering is predominant. It is now known that some 
but not all of the scattering in a gas is associated with ionisation 
and gives rise to the ‘fish’ tracks observed by Wilson. In the case 
of hydrogen this probably accounts for much of the observed 
ionisation, which, according to Shearer 2 , is -001 for the K radiation 
from Ca and *0016 for tliat from Ag, the numbers being relative to 
air as unity. The ionisation is so small that an impurity of 1 in 
40,000 of AsHg would account for it all, and Shearer says that these 
values should be regarded as upper limits only. 

1 Some recent experimenters have found evidence of scattcrerl radiation of 
slightly shorter wave-length than the primary. 

2 Shearer, Phil. Mag. xxx. p. C44, 1015. 
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Of the energy al taken from a beam per unit path, part is con¬ 
sumed in the gas in connection with this ionisation, and part 
appears outside as true scattering. Following Bothe we wiU caU the 
first (Jr, the second 

Although the ionisation due to scattering is usually small in 
absolute value and is associated with part only of the scattered 
rays, yet the importance of scattering in the history of atomic 
physics is so great that it is desirable to devote considerable atten¬ 
tion to it. The early experiments on scattering of Barkla and 
Crowther, in conjunction with the classical theory, gave the first 
determination of the number of electrons in an atom, though it 
must be regarded as a fortunate accident that the early experi¬ 
menters worked chiefly with substances and rays for which the 
theory in its simplest form gives correct results. At a later date 
the scattering of X-rays by crystals led to the present vast develop¬ 
ment of X-ray spectroscopy, while Compton’s discovery of the 
change in wave-length by scattering gives one of the strongest 
proofs of the discontinuous nature of radiation. 

Before entering on the theory of these effects it is advisable to 
give in outline the experimental facts. Barkla*, followed by Crow¬ 
ther showed that the scattering at 90° by gases composed of the 
light elements was proportional to their density, except in the case 
of hydrogen where it was about twice as large. Using the theory 
given below (p. 256) according to which the scattered intensity 
varies with the angle of scattering ^ as 1 + cos^ these measure¬ 
ments could be made to give the scattering coefiScient. Barkla 
found that the mass scattering coefficient ajp was about *2 except 
for hydrogen. On the simple theory this should be proportional to 
the number of scattering electrons per unit mass, and the measure¬ 
ment led to the important result that the number of scattering 
electrons in an atom was about half its chemical atomic weight. 

Barkla and Ayres 3, Cro-wther 4 and Owen 5 measured the angular 
distribution of the scattered radiation. For <!> > 7r/2 the results were 

1 Barkla, Phil. Mag. v. p. 685, 1903; vii. p. 543, 1904; ssi. p. 648, 1911. 

2 Crowther, Phil. Mag. xiv. p. 653, 1907. 

3 Barkla and Ayres, Phil. Mag. xxi. p. 270, 1911. 

4 Cro\vther, Proc. Camh. Phil. Soc. xvi. p. 112, 1911. 

5 Owen, Proc. Camh. Phil. Soc. xvi. p. 161, 1911. 
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in good agreement with the theoretical (1 + cos^ <f>) law. For smaller 
angles the observed scattering exceeded the prediction, except for 
hard rays. Fig. 110 shows Owen’s results. It will be seen that while 



curve a, which corresponds to X-rays with an equivalent spark gap 
of 7 cms., is symmetrical, as required by the theory, curves b and c, 
for which the gap was 4-5 and 2*5 cms., show increasing amounts 
of excess scattering in a forward direction. For heavy elements the 
total scattering increases more rapidly than in proportion to the 
density, and the asymmetry is considerable. 

It is now known that the distribution of the ‘excess scattering’ 
may be very complicated, showing maxima at certain angles. In fact 
the ‘ interference rings ’ observed when X-rays scattered from almost 
any substance are received normally on a photographic plate can 
be regarded as a form of excess scattering. These effects are un¬ 
doubtedly due to the scattered wavelets from different centres 
interfering with one another, reinforcing in some directions and can¬ 
celling in others. The centres concerned may be the atoms in the 
molecules {cf. Wierl’s experiments with electrons, p. 61), the 
molecules themselves in the case of solids or liquids where some quasi¬ 
regular arrangement is possible, or perhaps even the electrons. Of 
course if the substance is crystaUine there Avill be interference due to 
the crystalline arrangement. By measuring the intensities of the rays 
reflected preferentially from crystals, W. L. Bragg has shown how 
to determine the ampUtude of the wave scattered by a single atom. 
He expresses this amplitude as a multiple of the amplitude of the 
wave scattered by a single electron, and calls the ratio F. He finds 

that F is a function of varying from atom to atom but equal 

to the atomic number when is small. 
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It has been found that as A diminishes the relative scattering of 
the heavy elements diminishes. This is illustrated in the table taken 


Table of Scattering Coefficients, Normal to the Primary Beam. 


A 

mean 

angstroms 

(pOcu 

{fjAl 

% 

\ 

(?) A« 

(p)ai 

( p’)sn 

(p’)ai 

1 

(p’)pb 

(pOai 

0-96 

0-91 


3-66 

5*6 


0-63 

0-59 

2-5 


— 

11-2 

11*5 

0*585 

2*3 

■ — 



0*52 

2*1 

— 1 

1 

9*0 

0*47 

1*9 

f 


5*8 

0*43 

1*5 



4*4 

0*38 

1*05? 


-- 

2*85 

0*316 

1*12 



2*65 

0*314 

1*07 

1*37 


21 

0*311 



1*47 


0*306 

■ 

1*25 

■ 

1*9 

0*305 

i 

1*05 



1-7 


from Barkla and Dunlop*. Later Barkla and Sale^ have shown 
that there is a slight diminution in scattering for very hard X-rays 
even for the light elements. 

Measurements of the total scattered intensity have been made 
by Hewlett 3. The table shows his results compared with those 
calculated on the simple theory, the agreement is good in spite of 
the fact that some of the substances are crystalline and show a 
marked concentration of the scattering by interference. 

An interesting method has been used by Statz^ to find the 
total scattering without having to measure the distribution. He 
finds the change in the ionisation produced when a small ionisation 
chamber is surrounded by a thin spherical shell of scattering 
material, the beam of X-rays being wide enough to include the 

1 Barkla and Dunlop, Phil. Mag. xxxi. p. 222, 1916. 

2 Barkla and Sale, Phil. Mag. xlv. p. 737, 1923. 

3 Hewlett, Pkys. Rev. xx. p. 688, 1922. 

4 Statz, Zcita.f. Phys. xi. p. 304, 1922. 
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Scattering Coefficients for Radiation, 


Scattered 

exp. 

P 

1 

— theoretical 

P 

Diamond 

0-199 

0-200 

Graphite 

0-201 

0-200 

Lithium 

0-168 

0-174 

Benzene 

0-238 

0-215 

Mesitylene 

0-244 

0-220 

Octane 

0-262 

0-231 


whole. The intensity inside the sheU can be shown to be D 

due to the scattered rays and 7o (1 - fj,D) due to the original beam, 

where D is the thickness of the shell. If g. is known or measured by 

one of the usual methods, cr^ can be found. His values for aluminium 
and water are shown in the table. 


Aluminium 

Water 

A 

p/p 

<^s/p 

A 

p/p 

} 

°s/p 

0-082 

0-173 

0-225 

0-373 

0-458 

0-137 

0-227 

0-309 

0-820 

1-44 

0-130 

0-161 

0-147 

0-156 

0-26 

0-161 

0-240 

0-285 

0-501 

0-188 

0-215 

0-237 

0-491 

0-185 

0-206 

0-170 

0-201 


The total scattering o-. + cr, can be found from ^ if ,■ is known • 
unfortunately ^ can itself generally only be found from u, but for 
very bght elements r is small compared with ^ and can be estimated 
with sufficient accuracy by extrapolation from heavier elements. 
It IS found m this way that cr diminishes as the wave-length de¬ 
creases, for hard y-rays it is only about a quarter of the theoretical 
value (see below, p. 273). 

“^Periments of Beatty * showed that some at least of the 
scattered radiation was softer than the primary. Other investiga¬ 
tors showed that the scattered rays were not homogeneous, and that 

I Beatty, Phil. Ma^. xiv. p. 604, 1907. 
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the proportion of softer rays increased rapidly with the scattering 
angle. The difEerence in hardness was also greater for the more 
scattered rays. Again the proportion of rays scattered without 
alteration in quality was less the harder the rays. For A = -12 the 
proportion is about 15 per cent, at 90® scattering and 70 per cent, 
at 30®. It does not depend much on the material. By spectroscopic 
analysis of the scattered rays Compton^ discovered that a mono¬ 
chromatic beam is scattered as a mixture of two frequencies, one 
the original, and another whose wave-length difEers from that of 
the primary by an amount AA which is independent of the scattering 
substance and the primary wave-length, but depends on the angle 
of scattering. On the quantum theory the increase in wave-length 
implies a diminution in energy, and Wilson suggested that the 
short ‘fish’ tracks which he foimd were due to electrons which had 
received the difference of energy, a view which is now fully accepted. 
Barkla®, together with his pupils, has observed several curious 
effects connected with the absorption of X-rays, and especially of 
scattered X-rays. He finds that more or less prolonged filtering of 
a heterogeneous beam through absorbing screens causes sudden 
increases in the absorption coefficient. Barkla calls these trans¬ 
formations.’; He finds that they are determined by the nature of 
the beam as a whole, and that the absorption of one beam may be 
modified by the simultaneous passage of another through the screen. 
Other observers 3 have been unable to find these effects. 


Classical Theory of Scattering. 

We begin by calculating the energy radiated by a single electron. 
On the classical theory of electrodynamics a charged particle 
radiates a pulse of electric and magnetic force when its motion is 
accelerated. The character of the pulse is as follows. 

If at the time f = 0 a particle at O has an acceleration / in the 

1 A. H. Compton, Phys. Rev. xxii. p. 409, 1923, and later papers. 

2 Barkla Phil. Mag. xxxiv. p. 270, 1917; xlv. p. 737, 1923; xlix. pp. 251, 1032, 
1925; ]. p. 1U5, 1925; i. p. 642, 1926; ii. pp. 642, 1116, 1122, 1926; iv. p. 735, 1927; 
V. p. 1164, 1928; vii. p. 737, 1929. 

3 Worsnop, Phys. Soc. Proc. xxxix. p, 305, 1927. Gaertner, PAt/5. xxviii. 

p. 493, 1927. Dunbar, Phil. Mag. xlix. p. 210. 1926; v. p, 962. 1928. Alexander. 
Phys. *Soc. Proc. xlii. p. 82, 1930. Backhurst, Phil. Mag. xiii. p. 28, 1932. 
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direction OX, then after a time t there will be at a point P such that 
OP^ct: 

(1) a tangential electric force equal to along the 

meridian in the plane XOP; 

(2) a magnetic force K equal to — around the parallels 
of latitude. 

Here r = OP = ct; 0 ~ /-XOP and c is the velocity of propagation 
of the radiation. 

The rate at which energy passes across unit area of surface at P 
. 6^/2 sin^ ^ 1 • . 

iTTcr^ ’ integrating this expression, we find that the rate 
at which energy passes across the surface of a sphere round O as 

centre is equal to ^. 

3 c 


This then is the rate of radiation of energy when the accelera¬ 
tion is/. The rate of emission of energy in the direction e varies as 
sin^ Q. Suppose now that the acceleration is due to an electric 
force X. Then if the particle is free the acceleration -will be Xejm, 

where m is the mass of the particle, and the rate of emission of 
energy will be 


3 m^c ’ 

the energy emitted in time t will be 


2 

3 m^c 



X^dt. 


Let us first take the case of a thin pulse of electric force parallel 
to the axis of a:, of thickness d and moving with the velocity of 

taken for the pulse to pass over the particle is die 
and if this time is small compared with the free period of the particle 
the acceleration it ^viU produce will be approximately the same as if 
the particle were free, hence the energy radiated will be 

2 r^fc 

0 - 0 - ^^dL 

3 m^c Jo ’ 

or if X may be regarded as constant throughout the pulse 

2 

q ~2 2 ^^d. 


T C E II 


17 
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But if E is the energy per unit area of the pulse 

1 X^d 


E = 


hence the energy radiated 


47r 


Stt e* 
3 


E. 


Thus if there are n electrons in a cube each of whose faces is one 
unit of area, then, if there is no phase relation between the radiation 
from the different electrons, the energy radiated from the cube will 
equal 

Stt 


3 m 


nE 


Stt 


m 


n {energj^ passing through the cube}. 


If the electric force in the primary beam is not confined to a thin 
pulse but is represented at the electron by the expression 

OOS ^ ct-y 

the acceleration of the electron if free will be 

X^e 27 t 

— - cos -V- Cty 
m A 

and the electric force it produces at a point (r, 6) will be 


X^e^ sin 6 


27T, . 

cos {ct — r) 


Xo^e^ sin2 0 


m r 

The rate at which energy crosses unit area of surface at (r, 6) 

and the energy radiated by the electron in time t 

2 f' 2 2 ^ 

3 cm^ Jo A 


ctdt. 


Now 


X.2 C0S2 


27r 


ct 


4770^ 


is the energy per unit volume of the primary beam; denoting this 
by Ey the energy radiated is equal to 

Stt e* /' j 
o mr ] 
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cE is the rate at 'which energy is carried, by the primary beam 
across unit area; hence the energy radiated by the electron is 

equal ^ times the energy passing through unit area of the 

wave front of the primary beam. 

This result is the same as that previously obtained for the pulse. 
It takes an interesting form when expressed in terms of a the radius 
of the electron; a is determined by the equation 


hence 


2 

3 a = 


Stt e* 
3 ni^ 


= 67ra^ ^ 6 (area of cross-section of the electron); 


.n. 


thus the electron scatters six times as much light as would pass in 
the same time through its cross-section. 

On this theory, and assuming that the electrons all scatter 

independently, the scattering coefficient o- = ?^ — 

3 

If N is the number of molecules in a gram molecule, and Z the 
number of free electrons per atom, we have for an element 

_ Stt N .Z 

p~ ^ 

where A is the atomic weight (O = 16). Remembering that e is to 
be measured in e.m.u. we find 


O’ 

e 


•400 


Z 

A* 


thus Barkla’s value of *2 for light elements indicates that A = 2Z. 
The high value for hydrogen is explained by taking Z = \ in this 
case. These results are of course in full agreement with what has 
since been determined concerning atomic number. 

The energy radiated in a direction OP making an angle 6 witli 
OX, a line parallel to the electric force X, varies as sin^ 0 , If ^ 
is the angle which OP makes ^vith OZ the direction of propagation 

cos 6 = sin cos iff, 

where </. is the angle between the planes ZOP and ZOX. Thus the 
energyvaries as 1 - sin^ cos^ and if all directions of 0 are equally 


17-2 
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probable, i.e. if the light is completely xmpolarised, the energy along 
OP will vary as 

1 — ^ sin^ ^ or i (1 + cos^ <f>). 

Thus the distribution of the energy in the scattered light will be 
represented by a curve like that shown in Fig. 110 (a). The 
scattered light will be polarised, and the polarisation will be com¬ 
plete in the direction OQ at right angles to the original beam, 
the electric force at Q in the scattered wave will be at right angles 
to the plane of the paper. 

As we have seen, the distribution of the energy scattered back¬ 
wards, i.e. when 6 is greater than 7r/2, is represented by the theory, 
but in some cases, especially when the X-rays are of the soft type, 
the energy scattered in a direction approximating to that of the 
primary beam is appreciably greater than that given by the theory. 

Let us consider the conditions under which the above expressions 
are applicable. We have assumed that the electron is free; if it is 
not so and the frequency of its undisturbed motion is p/27r, then if 
X is its displacement 

/d^x 
^ [dt- 



and if x varies as cos nt 

d^x __ Xe 
dt^ ?n ~ 

The fraction of the energy scattered per unit volume is now 


_ -p 



where iVg are the numbers of electrons with frequencies 

pj/27r, p^l'^TT in unit volume. 

This reduces to the simpler expression given above when n is 
large compared with any of the quantities p^, p^ so that for this 
expression to hold the incident radiation must have a much higher 
frequency than that of any of the natural vibrations of the 
electrons. 


Electrons whose natural frequency is great compared with n, 
that of the incident radiation, will only scatter a fraction of the 



IONISATION BY X-RAYS 


261 


energy equal to N. and unless is large tlie effect may be 

neglected. Thus, for example, those electrons whose natural period 
is comparable with that of X-rays would not produce appreciable 
scattering of visible light. 

Again if the wave-length is large compared with the distance 
between the electrons in the same atom the waves scattered by the 
different electrons will all be in the same phase. 

Hence the resultant of these waves will be one whose amplitude 
is the sum of the amplitudes of the individuals, or if there are N 
electrons the amplitude will be proportional to iV, and the energy of 
the radiation to N^. Thus, for example, if we consider the radiation 
scattered by a series of particles A, B, C, D, lying on a line in the 
direction of propagation of the primary wave, it is evident that the 
radiation scattered by ABCD will all reach a particle P on this line 
in the same phase, so that to combine them we must add the ampli¬ 
tudes of the waves scattered by these particles and not their 
energies. 

The effect of adding the amplitudes will be to give a disturbance 
of greater energy than that got by adding the energies and will thus 
make the light scattered in the forward direction greater than that 
given by the preceding theory. The longer the waves in the primary 
beam, or the more closely the particles are packed, the greater will 
be this effect. In the case when the wave-length is very large 
compared with the distance between the particles the collection of 
particles will be equivalent from an optical point of view to a 
homogeneous medium, and in this case the light propagated in the 
direction of the original beam is enormously greater than that 
scattered in any other direction. 

Thus by increasing the wave-length or the density of packing 
of the electrons we pass continuously from the disturbance repre¬ 
sented by curve a. Fig. 110, through those represented by curves h 
and c. The scattering is proportional to the number of electrons in 
the atom when the wave-length is small compared with the distance 
between the electrons, and to the square of the number when the 
wave-length is large compared with this distance. 

A general expression for the scattering can be obtained without 
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difficulty. The amplitude of the disturbance at a point P, due to 
the rth electron, may be written 

A cos — (ci — r — 

where r is the distance of O, the centre of gravity of the electrons, 
Pj the retardation of the disturbance from the rth electron 


compared with O, and A is equal to 
between r and X, 


XqC^ sin $ 


m 


, where 0 is the angle 


The amplitude of the vibration at P arising from all the electrons 
will therefore be 

A \ / V 27r 1 

^ T ^ - ^i) + X - r - ea) + 

and the intensity of the scattered radiation, being proportional to 
the square of the intensity, will be represented by 


f 

1 


cos 


27r 


(ct r — €i) -h cos^ (c< — r — eg) 


-f- cos 


47r 


— r — 


A 

(ei + ^2) 


) + cos X — ^ 2 ) + . 



The mean value averaged over a long time is proportional to 


- ..a = 


A^ ^ \ + •••+S cos — ea)^ 

The number of terms of the form 


fn 


277 


^ 12 ^ cos j- (ej - € 2 ) 


cos 


27r 


(€1 ~ € 2 ) is in (n — 1), 


where n is the number of electrons in the atom. 
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In the case of a non-crystalline body we have to determine the 

mean value of cos ^ (e^ — € 2 ) for each pair of electrons and for 

random orientations of the atoms containing them. This is mathe¬ 
matically the same problem as that we have already solved on p. 62 
in calculating the scattering of electronic waves by gas molecules 
orientated at random and each containing a number of scattering 

centres. The mean value required is-, where x = -^^15 sin ^ 

X A 2 

for the pair of electrons A, B and an angle of scattering 

Hence the average intensity of the scattered radiation at P due 
to a single atom is 

' 477 . „ . 4 > 

w ^ A _ 2 

47rc I 2 477 , ^ 

^ AB sm ^ 

A 2 


It follows from the expressions on pp. 258, 260 that when the 
incident light is not polarised the energy of the radiation scattered 
by the atom, passing through unit area at (r, <(>), is equal to 


2cEe^ 0 + 1 ^ 


n 

2 


sm 


(a" I 


^ 4 Ty ■ ^ 

.AB sm 5 
A 2 



If 4^.AB sin 



small, each of the terms under the symbol S 


is equal to imity and as there are n {n — l )/2 of these terms the 
quantity inside the bracket is equal to 



n {n + 1 ) 

“2 



thus in this case the scattering is proportional to the square of the 
number of electrons. 


If, however, 477 . AB sin ^y^A is large, each of the terms under the 

symbol 2 is small and the quantity inside the bracket reduces to 
w/2, so that now the scattering is proportional to the number of 
electrons in the atom. 
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The scattering in the direction of the incident light is always 
proportional to since for this direction ^ = 0 . 

When the scattering particles are arranged in a regular order, as 
are the atoms in a crystal, the summation of the wavelets scattered 
by them takes quite a different form. Consider first a single lattice 


F G 



cell, with particles at each corner. Let Sj be the path difference 
between A and By 82 that between A and Z), S 3 that between A 
and F. Let the scattered wave sent from to a point P' be repre¬ 
sented by a sin Xt where 

X = ^ (vt- e), 

V being the velocity of the waves, that from D will be 

/ Si 277-\ 

asm(x--^X )’ 

(Si + S 2 ) 27r\ 

X “A"';' 

and so on. The disturbance at P' due to the waves scattered from 
the eight points is 

Si27r'\ . f (Si-{-S 2 ) 277^ , . / Si.27r'\ 

f - w——l-hasinf^— 


that from C a sin ^ 


. / Si27r'\ . / 

a sin X + « sin f x-I + a sin f x — 


+ 


• / (§2 + ^ 3 ) 27r\ . / S 3 27r\ . ( 

a sm (^x- X - 

• / . c\ . fv . rv V 2rfi \ 


(Si -i- S 2 ) 277 

A 


) 


+ a sin ^x “ (^1 + ^2 H" S 3 ) • 
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The sum of this series is 


Sa cos Si ^ cos §2 ^ cos S 3 ^ sin (x — ^ (^1 + §2 + ^ 3 )^ , 


hence the amplitude of the vibration is 


8 a cos Si cos -r S 2 cos ^ S 3 , 

AAA 

and the intensity of the light proportional to 

cos^ ^ Sj cos^ ^ Sg cos^ ^ S 3 , 

The scattered light will have its maximum intensity, i.e. P' will 
be one of the brightest spots when S^ = pX, 8^ = qX, S 3 = rA, where 
p, 5 , r are positive or negative integers. 

The second and more general case is where we have an assem¬ 
blage of cells instead of a single cell. Suppose there are P, Q, R 
particles along the Xy y, z lines of the lattice respectively. 

Then if as before the disturbance sent to a point P by a corner 

of the lattice is a sin Xy disturbance sent by the whole assem¬ 
blage is 

li Q P y \ 

" f ~ "a ’ 

which by applying the formula for the sum of sines of angles in 
arithmetical progression is easily found to be 


. .in (x + V -J- *.5 + T 


) 


sin PSi ^ sin QSq ^ sin R8^ ^ 

• o * c* V/ 

sin 61 ^ sin do V sin So -;r 

^ A 2 A ^ A 


Thus the intensity of the light is proportional to 


sin 


PS, 


77 


Sin 


Q §2’’' 


sin 


R SoTT 


sm 


ttS, 


sin 


7tS, 


sm 


ttS 


X ‘ A A 

When A is so large that the quantities PS^tt/A, etc. are small, 
this expression is equal to P^Q^R^; the number of particles 
scattering the light is proportional to PQR, so that in this case the 
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intensity is proportional to the square of the number of particles. 
The most interesting case, however, is the effect of the number of 
particles on the intensity of the light in the bright spots. When 

§1 differs only by a small quantity B from the value, pA, which gives 
the maximum brightness 

sin ^ = B, 

and sin = Pd. 

A 


So that again 




for 


AVhen, however, P is large, the numerator will change rapidly, 

sin^ —^ = sin^ PB 


and a small change in B may make sinP^ vanish; though the 
maximum intensities may be as high as before, they are spread over 
smaller and smaller areas as P increases. We are concerned with 


brightness over a finite area, i.e. with 


1 


sin2 PB 



Now this quantity is much greater in the immediate neighbour¬ 
hood of ^ = 0 than for larger values, so that its value will be ap- 


proxima 


— CO 




dB\ the value of this is ttP. Thus the illumi¬ 


nation received in the neighbourhood of the bright spots wiU be 
proportional to PQR, i.e. to the number of scattering particles and 
not to the square of the number. 


Quantum Theory of Scattering, 

The classical theory gives no hint of the change of wave-length 
foimd by Compton. This follows immediately from the conception 
of radiations as particles with definite energy and momentiim. 
Suppose such a particle is deflected by a collision with a free 
electron, then since the direction of the momentum is changed 
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tliere must be a compensating momentum given to the electron, 
which thus acquires kinetic energy. This energy can only come 
from the radiation, and since the energy of a quantum is propor¬ 
tional to its frequency, the frequency must be diminished. 

Let vq be the primary and v the scattered frequency, let d be the 
angle of scattering and determine the direction of the recoil 
electron of which the initial velocity is ?; = ySc. 


Then 


hvQ = kv -h mc^ ( - — 

Wl - ^62 J 


is the energy equation, and the conservation of momentum is 
expressed by 

7 . 7 

mv 

cos <f>y 


and 


kVQ liv ^ 

—9 = — cos 6 -j -,_ 

c C Vl — ^2 

0 = - sm 0 -i ->_sin 

^ Vl —^ 


From the last two equations 

_r^ 2 . ^ Vq^ — 2/i2 Uq V cos 

and from the first 




2 _ ^2 = ^ — 2k^vQV + 2mc^ (Avq — hv) -f- m-c*. 

By subtraction 

0 = mc^ (i/q — v) — hvv^ (1 — cos d), 

^0 


or 


V = 


^ 2Avo . ^ d * 
1 -f " sin 2 


mc 


It is convenient to -write 

h 


Av, 


o 


— = *0242 A. = A and = a 
me c 


Then 


V, 


V == 


0 


In terms of A we have 

^ ^ Vq— V 

\i V 


1 + 2a sin2 ^ 


= 2a sin® ^ and A 


— \ = 2A sin® 


e 
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The direction of the electron is given by 

_cot d/2 

and its energy by 


— tan <f> = 


1 + a 


T? _ j... 2a sin2 d/2 ^ 

" — ^*^0 *T I O- •—/O — 

1 + 2a sin^ d/2 


2a cos^ d> 


'“(l + a)2-a2cos2^* 

The variation of A with 6 is in good agreement with Compton’s 
experiments. It will be noticed that the change in wave-length is 
independent of the frequency. 


Bothe* has made measurements of the range of the recoil 
electrons. He sent a beam of X-rays between the plates of a 
parallel plate condenser, and measured the variation with pressure 
in the ionisation current in the gas between the plates. The curves 
show a kink at the pressure at which the recoil electrons can just 
reach the plate. His results agree fairly well with the above ex¬ 
pressions for the energy of the recoil electrons. By this method the 
quantity measured is the maximum range in a direction normal to 
the primary rays. Compton and Simon ^ have measured the lengths 
of the tracks of the recoil electrons in a Wilson chamber. In com¬ 
paring their results with the above theory they used Wilson’s 
relation between range and energy (p. 112). 


Maximum Range in Air. Variation of Range with Angle. 


A 

mean 

angstroms 

mm. 

calc. 

mm. 





Angle <f> 

Mean range mm. 






i 

0-71 1 

0 

0-06 



Experiment 

Calculated 

0-44 

0 

0-3 





0-29 

2-5 

1-8 





0-20 

6 

6 


0 -30° 

9 

11 

0-17 

9 

12 


30°-60° 

4 

4 

0-13 

24 

25 


60°-90° 

0-9 

0-3 


The agreement is as good as can be expected, and suggests that 
the recoil electrons observed were behaving practically as free 
electrons and requiring very little energy to release them from the 
atoms. 

In cases where most of the scattering is of the Compton nature, 

1 Bothe, Zeits.f. Phys. xx. p. 237, 1923. 

2 Compton and Simon, Phys. Rev. xxv. p. 306, 1925. 
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the ratio ajr will give approximately the ratio of the number of 
quanta transformed in scattering and photo-electrically and hence 
also the ratio of the recoil to the photo-electric electrons. This is 
approximately true for air, as is shown in the table (Compton and 
Simon). 


Ratio of Recoil Electrons to Photo-electrons Nj,. 


A mean 
> angstroms 

k 1 

1 

-1 


ofT 

0-71 

5 

49 

0-10 

0-27 

0-44 

10 

11 

0-9 

1-2 

0-29 

33 

12 

2-7 

3-8 

0-20 

74 

8 

9 

10 

0-17 

68 

4 

17 

17 

0-13 

72 

1 

72 

32 


On Compton’s theory the distribution of the recoil electrons is 
determined by that of the scattered rays. If N^dd is the number of 
quanta scattered between 6 and 0 -|- 80, the number of electrons 


which recoil between <f> and cf> + h<j> is N^d<l>= Neddy where 


is found from the equation 

— tan (f> 


cot 0/2 
1 + a ‘ 


dd 

dif> 


In a similar manner the energy distribution of the recoil electrons 
can be found from the expression for the energy in terms of 0. 
Using a theoretical expression for NQy and assuming that the range 
was proportional to the square of the energy of the electron, 
Compton and Simon calculate that the probability of a range be¬ 
tween S and Sm is proportional to 2 "v /SjSjn + V S^jS — 2. They 
find actually, as this expression indicates, that the distribution is 
sensibly independent of the wave-length and is in as good agreement 
as can be expected with the formula. 


Uange of values of ‘S’/iS’^ . 

0—2 

m 

•4—6 

•G—8 

■8-10 

Per cent, of tracks within this range: 


1 


1 

1 

Observed 

56 

28 

10 

3 

' 3 

Calciilate<l 

53 

22 

14 

1 _ 

8 1 

1 3 
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The corresponding variation with angle could only be 
determined for the hardest rays used, A = -13 angstrom. It was as 
follows: 


Angle of 

1 

Per cent, of total number 

emission ^ 




Observed 

Calculated 


34 

28 

30°-60° 

39 

60 

60°-90=’ 

27 

22 


It is important to notice that no tracks of this kind were found 
pointing backwards. The expression used for Nb was a general one 
independent of the scattering material; the formula derived in 
the next paragraph depends on the electronic distribution, and 
Compton’s expression is probably only approximately true. 

The X-rays scattered with change of wave-length are polarised 
in a similar manner to those scattered classically, but the angle 
which the direction of maximum polarisation makes with the 
direction of the primary rays is rather less than 90°. The diSerence 
is greater the harder the rays. 


Wave Mechanics Theory, 

Waller and Hartree * have produced a theory based on the wave 
mechanics which makes it possible to calculate the distribution of 
the scattered radiation from any atom for which the electronic 
wave functions can be found. Assuming that the frequency of the 
incident radiation is large compared with the absorption frequencies 

of the atom, and neglecting the effect of electron exchange, they find 


^ — /tot/7class — ^ fi “b ^ ^ \ fi\^i 

i*! 3=1 


coherent 


incoherent 


where /class is the intensity of the radiation scattered by one 
electron as calculated on p. 258; the summations extend over the 
n electrons in the atom and 



exp (tWr) dVf 



1 Waller and Hartree, Proc, Hoy. Soc. cxxiv. p. 119, 1929. 
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The wave functions refer to the yth electron, s and s' 

are unit vectors in the original and scattered directions. The first 
term in the expression for R gives the intensity of the radiation 
scattered without change of wave-length and which is capable of 
interference, the second and third terms give the incoherent Compton 
radiation which takes no part in crystal interference. If the wave 
functions ipj are such that they may be regarded as zero except near 

r = and are spherically symmetrical, /, = where 

/xr, ’ 

2 * 7 ^ » / -V 

/u = sin 9/2 


(c/. p. 41). In any case of spherical symmetry S /- = la- dr 

3 = 1 ' J fxr 

where adr is the charge between r and r + Sr, and j's'/,T is 
quantity called by Bragg, ^ 


For small values of /x, i.e. small angles of scattering or long 
waves, F -^1 and R + n — n ~ the scattering in 

this case is wholly coherent and is given by the classical formula 
as applied to the case of long waves. As p. increases becomes 
appreciable first for the outer electrons and then for the inner ones. 

The Compton scattering for any electron may be written i M O 

r M ’ 

thus as the wave-length diminishes the Compton scattering comes in 
first for the outer, loosely bound electrons and first at large angles 
of scattering. This is reasonable, for one would not expect the 
Compton effect to occur unless the energy given to the recoil 
electron were enough to take it free of the atom. For these large 

angles of scattering the factor ^ reduces the contribution 

which the electron gives to the coherent scattering, so that there 
IS a kind of compensation between the two effects. When /x is large 
the first and last terms in the expression for R become small, 
and we are left with the second term, thus the scattering is the 
same as given by the original classical expression neglecting inter¬ 
ference, but it is scattering with change of wave-length. We have 

seen (p. 269) that in air the recoil electrons account for most of the 
scattering below about *4 angstrom. 
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In some recent papers Herzog * has compared the scattering of 
helium, neon and argon calculated in the above manner with ex¬ 
periments by WoUan^. He finds excellent agreement, especially 
after introducing a small relativity correction. The quantities /, 
were calculated by Hartree’s method of the ‘self consistent field.* 

Wyckoff3 has shown that the scattering power of an atom 
passes through a minimum at a wave-length corresponding to its 
K absorption edge. This effect is not predicted by the above theory 
whose applicability is, strictly speaking, limited to the case 
Actually the agreement of the calculated with the observed F curves 
is good even when this condition is not fulfilled. Presumably the 
influence of the K electrons is slight except near the absorption 
edge. 

Geiger-Bothe Experiment. 

A very important investigation bearing on the individuality of 
the quantum of X-rays has been made by Geiger and Bothe4. The 
object was to determine whether there was any connection in time 
between the production of a recoil electron and the scattering of a 


S 



,-X-ray5 

Y _ Etcctron traefc? 

Fig. 113^ 

quantum of X-rays. Their apparatus consisted of two point counters 
as shown in Fig. 113, The scattering substance was hydrogen which 
filled the counter on the right. If a recoil electron was produced in 
the sensitive region of the counter it was registered. A second 

1 Herzog, Zet/A./. Pkys. Ixx. pp. 582, 590, 1931. 

2 Wollan, Phya. Rev. xxxvii. p. 862, 1931. 

3 Wyckoff, Phys. Rev. xxxvi. p. 1116, 1930. 

4 Geiger and Bathe, Zcita.f. Phys. xxxii. p. 639, 1925. 
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counter registered those scattered quanta which produced a photo- 
electron on passing through the platinum foil which covered it. 
Actually only a small proportion of the scattered quanta released 
electrons, so that the effects counted by the second counter were 
much less numerous than those counted by the first. In a con¬ 
siderable proportion of cases when a photo-electron was observed 
a recoil electron was observed also, the coincidences being far too 
numerous to be accounted for by chance. In other words, the 
quantum has sufficient ‘ reality * to record its presence twice over in 
such a way that one record may be regarded as the cause of the 
other. Compton and Simon ^ independently proved the connection 

between recoil electrons and scattering by the use of a Wilson 
chamber. 

Hard X-rays and y-rays. 

With very hard X-rays, among which we may include y-rays, 
effects appear which are not accounted for by the above theory. The 
total scattering per electron faUs below the classical value and the 
distribution shows strong asymmetry, the scattering being greater 
forward than backward. These effects are, in general, of the order 
hvlmc\ Undoubtedly the great bulk of the ionisation produced in 
air or any light gas by y-rays is due to recoil electrons caused by the 
Compton effect. Eve early showed that y-rays give rise to secondary 
y-rays softer than the primary, and Florance that the softening 
was greater the greater the angle of scattering. Measurements by 
Kohlrausch ^ of the scattering by carbon show the effect well (see 
Fig. 114). Here the outer curve refers to the original scattered rays 
and curve II to scattered rays which passed through 3 mm. of lead 
etween being scattered and the observation chamber. The greater 
dnmnution in the rays scattered at large angles is clearly seen, as 
well as the great predominance of forward scattering. 

As the energy of a quantum of the y-rays is large compared with 
the energy of binding of any extranuclear electron, it is reasonable 
o suppose that the electron will behave as if free. Support is given 
to this view by measurements made by Kohlrausch of the total 
a sorption coefficient of a number of substances. The absorption 
per electron is practicaUy constant at one-quarter of the value for 

^ t' Simon, Pkrjs. Rev. xxvi. p. 289. 1925. 

2 Kohlrausch, Wien. Ber. cxxviii. p. 853, 1919. 
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classical scattering for all except the heaviest elements, for "which 
it tends to be larger. On the basis of Dirac’s relativity wave 



Fig. 114, 


mechanics a formula for the scattering per electron has been given 
by Klein and Nishina^. They find 


_ 27 re* r l + g p (1 + g ) 

^ t I 1 + 2a 


1 


— i log (1 + 2a) 


+ ^ log (1 + 2«) 


1 + 3a 

(1 + 2a)2j» 


for the total energy removed from the beam both as scattered 
radiation and as recoil electrons. The energy of the scattered 
radiation per unit solid angle per electron from a beam of intensity 
Iq is given as 

^ 1 -f cos 2 e _ TT^ (1 - cos 0 )^ _ 

{1 + a (1 — cos 0 )}^ [ (1 4- cos^ 0) (1 + a [1 — cos ^]) 


where 



One great difficulty in checking such a formula is that it is impossible 
to separate out the different frequencies of y-rays produced by the 
various sources, and until recently the relative intensities of the 
rays were extremely uncertain, so that it was not even possible to 

I Klein and Niahina, Zeits.f. Phys. lii. p. 853, 1928. 
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calculate an effective mean frequency with any certainty. Experi¬ 
ments by Skobelzyn ^ have gone far to overcome this difficulty. He 
used the Wilson track method and studied the distribution of the 
electron tracks which were almost all due to recoil electrons. The 
tracks produced by the filtered y-rays from RaC are compara¬ 
tively httle distorted by scattering in the gas. By bending them 
in a magnetic field of about 1000 gauss he was able to measure the 
velocity of the electrons to 2 or 3 per cent, and assign the tracks to 
the different components of the y-rays. His results agreed well 
mth those found by Ellis and others from /S-ray spectra as far as 
the frequencies were concerned. His measurements were at first 
limited to tracks making an angle of less than 20° with the y-rays; 
m this range the speed of the electron does not depend much on 
the angle, which therefore does not need to be known accurately. 
The effective mean wave-length for y-rays from RaB -f- C filtered 
through 3 mm. of lead was found to be -0106 angstrom. In calculating 
this it is necessary to assume an expression connecting the frequency 
of a y-ray with the chance that a quantum wiU produce an electron 
with <!> < 20°. Skobelzyn used the Klein-Nishina formula according 
to which the chance is practically constant for the range required. 
It now becomes possible to compare the absolute value of the 
scattering predicted by the theory with that found experimentally. 
He gives for the total scattering in aluminium for these rays -159 
observed and -155 calculated from the formula. A similar good 
agreement holds for more strongly filtered rays. Skobelzyn also 

studied the distribution with angle of the recoil electrons and 
obtained the following results: 


Kange of angle 

O-IO*’ 

C 

0 

C 

0 

^ 20®-40^ 

1 

40^-60° 

60“-80° 

80°-90® 

Observed 

117 

1 

' 149 

242 

215 

161 

19 

Calculated 

1 

95 

150 

264 

226 

144 

21 


he agreement is in general good, though he considers that the 

divergences are greater than can be explained by experimental 

rror. and that the true distribution curve must contain several 
maxima and minima. 

I Skobelzyn, Zeilx.f. Phy,. xlUi. p. .-igj, 1907. p ^ 


18-2 



276 


IONISATION BY X-RAYS 


Heavy Elements, 

While the photo-electric absorption is inappreciable for light 
elements it is not negligible for heavy ones, as is shown by the work 
of Ellis and others on p-Ta,y spectra. In this work the secondary 

-rays 

foil, are examined by magnetic deflection. Groups of constant 
velocity are found, and Ellis has shown that their energies are the 
difference of the energy of a y-ray quantum and that corresponding 
to an absorption edge of the metal. There are also groups whose 
energy is determined by the absorption edges of the radioactive 
atom itself, in analogy with the Auger effect. The yield is larger 
the greater the atomic weight of the metal used. 

It is natural to take the difference in the total absorption per 
electron for heavy and light elements as a measure of the photo¬ 
electric emission, but this is probably inadmissible. Recent experi¬ 
ments by Chao^ and by Meitner and Hupfeld^ have shown inde¬ 
pendently that the scattering by heavy elements is in excess. Chao 
used filtered rays from ThC", these consist chiefly of a strong line 
at*0047 angstrom. While aluminium showed an intensity distribution 
in good agreement with the Klein-Nishina formula, lead showed a 
large excess at the larger scattering angles, especially at 135® the 
largest at which observations were made. This extra scattering is 
distributed almost imiformly in angle, and Chao is inclined to 
attribute it to an effect of the nucleus. Unlike the radiation scattered 
by the Compton process, it showed the same hardness in all direc¬ 
tions. Tarrant 3 confirms this, and finds that there are two com¬ 
ponents present in the extra radiation scattered by lead, each of 
which is softer than the original radiation. Meitner and Hupfeld 
examined a number of elements, of which carbon gave results in 
agreement with the Klein-Nishina formula; the heavy elements 
gave an extra scattering which increased with atomic number. 
They also attribute it to the nucleus. 

In his second paper Tarrant finds that the excess absorption 
per electron due to all causes, including photo-electric absorption 

1 Chao, Phys. JRev. xxxvi. p. 1519, 1930; Proc. Boy. Soc. cxxxv. p. 206, 1932. 

2 Meitner and Hupfeld, Zeits.f. Phys. Ixvii. p. 147, 1931. 

3 Tarrant, Proc. Roy. Soc. cxxxii. p. 344 (discussion), 1931; cxxxv. p. 223, 1932. 
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and the nuclear effect, varies as the square of the atomic number. 
By using the increase of wave-length produced by the Compton 
scattering of ThC" rays by light elements, Chao has been able to 
work with an incident beam of continuously variable wave-length. 
He has foimd indications that the extra absorption in lead varies 
rapidly with the wave-length between -0059 and *0066 in a way 
that may indicate a critical frequency for excitation of the nucleus. 

Gray and Tarrant' in a recent paper find that lead, tin, iron 
and oxygen all emit the same two radiations of quantum energies 
0*5 and 1*0 million volts when exposed to hard y-rays. 

1 Gray and Tarrant, Proc. Roij, Soc. cxxxvi. p. 662, 1932. 



CHAPTER VII 


IONISATION DUE TO CHEmCAD ACTION, THE BUBBLING OF 
AIR THROUGH WATER, AND THE SPLASHING OF DROPS 

Electrification due to Chemical Action, 

In many cases of chemical combination in which gases take 
part we get electrification of the gas; Ponillet^ was among the 
first to discover an example of this; he found that while a carbon 
cylinder is burning, the air round the cylinder is positively, while 
the cylinder itself is negatively electrified. Lavoisier and Laplace^ 
showed that the same effect occurs with glowing coal. Pouillet^ 
also found that when a jet of hydrogen burns in air, there is positive 
electrification in the surrounding air, negative electrification in the 
hydrogen. Lavoisier and Laplace 4 found that when hydrogen is 
rapidly liberated by the action of sulphuric acid on iron there is 
considerable positive electrification in the gas; in this case the inter¬ 
pretation of the results is made difficult by the electrical effects 
produced by the bubbling of the gas through the liquid, these we 
should expect to be very considerable as the gas is liberated in 
small bubbles, which is the most favourable case for getting an 
electrification in a given volume of air. This and other cases of 
electrification by chemical action have been investigated by En¬ 
rights and by Townsend^; the latter showed that the hydrogen 
produced by the action of sulphuric acid on iron retained its 
electrification after passing through tubes filled with tightly packed 
glass-wool, thus proving that the electrification could not be carried 
by the coarse spray produced by the bursting of the bubbles, as 
this is stopped by the wool. Townsend also showed that when 
chlorine is liberated by the action of hydrochloric acid on man- 

1 Pouillet, Pogg. Ann. xi. p. 422, 1827. 

2 Lavoisier and Laplace, Phil. Trans. 1782. 

3 Pouillefc, Pogg. Ann. xi. p. 426. 1827. 

4 Lavoisier and Laplace, M€7noires de VAcademic des Sciences, 1782. 

5 Enright, Phil. Mag. (5), xxix. p. 56, 1890. 

6 Townsend, Proc. Carrib. Phil. Soc. ix. p. 345, 1897; Phil. Mag. (5), xlv. p. 125, 
1898. 
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ganese dioxide the chlorine has a strong positive electrification, and 
that the oxygen produced by heating potassium permanganate 
carries with it a strong positive charge. 

Townsend has shown that gases liberated by electrolysis carry 
with them considerable charges of electricity. Thus the hydrogen 
evolved by the electrolysis of sulphuric acid at temperatures as 
high as 40° or 50° C. has a considerable positive charge; the charge 
on the oxygen is exceedingly small in comparison, it is also positive. 
When these gases are liberated by the electrolysis of a solution of 
caustic potash the electrification on the 
while the oxygen has a much larger negative charge the amount of 
which rapidly increases with the temperature; the nature of the 
electrode too has a considerable influence on the amount of electri¬ 
fication which comes ofi in the gas. The interpretation of these 
results, like those of the evolution of gases by the action of acids on 
metals, is made difficult by the electrical efiects produced by the 
bubbling of the gases through the liquid. Kosters^, who has also 
investigated this subject, ascribes most of the electrification to the 
bubbling. 

Townsend^ found that these electrified gases possess the re¬ 
markable property of producing a cloud wlien they pass into a 
vessel containing aqueous vapour; this cloud is produced even 
when the air in the vessel is far from saturated with moisture, and 
does not require any lowering of temperature such as would be 
produced by the expansion of the air in the vessel. Townsend 
found that when the gas liberated by electrolysis was not charged 
no cloud was produced, and that the weight of cloud produced, other 
circumstances being the same, was proportional to the charge in 
the gas. Clouds are produced, however, in some cases in which no 
charges are perceptible; thus H. A. Wilson3 has shown that if 
solutions of salts or acids, or even of sugar or glycerine, are sprayed 
by a Gouy sprayer into a vessel and the air from this vessel passed 
through sulphuric acid, a cloud is formed when this air emerges 
into a damp atmosphere. The cause of this seems fairly clear: 
although the passage through the sulphuric acid may rob the drops 

1 Kosters, Wied. Ann. Ixix. p. 12, 1899. 

2 Townsend, Proc. Camb. Phil. Soc. ix. p. 345, 1897, 

3 H. A. Wilson, Phil. M<ig. (o), xlv. p. 454, 1898. 


hydrogen is very small. 
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of the solution of their water, the acid or salt in the drop is carried 
along with the air through the sulphuric acid; when this emerges 
into the moist atmosphere the water condenses round the salt or 
acid and forms a drop of the solution, thus the drops in the cloud 
are not pure water, but solutions, and as the vapour pressure for 
these solutions is smaller than that for pure water the drops do 
not evaporate, even although the atmosphere is not saturated with 
moisture. Meissner* also has described clouds not accompanied 
by electrification which are produced when air containing ozone 
is passed through a solution of potassium iodide; these can be 
explained in a similar way by supposing that the ozone acting 
on the potassium iodide produces some substance which readily 
dissolves in water when it comes into contact with it. A similar 
explanation may hold for the clouds produced by the electrified gas, 
for the carriers of the electricity are evidently complex bodies of 
very considerable size, since Townsend ^ found that the velocity of 

of 1 volt per cm. was only 
about 1/8000 of the velocity under the same electric field of the ions 
produced by the action of the X-rays on the gases. If we suppose 
that these systems can dissolve in water like an acid or salt and 
lower the vapour pressure, the process by which the cloud is formed 
would be the same as that in H. A. Wilson’s experiment. 

Townsend measured the rate of fall, the weight of the cloud, 
and the amoimt of electrification carried by it; the first of these 
measurements gives the size of a drop, the second the number of 
drops, and the third the charge on a drop; he found, assuming 
each drop to be charged, that the magnitude of the charge on the 
carrierof the electricity in electrolytic oxygen was about 5-1 x 10“*® 

electrostatic units. 

Bloch 3 lias also measured the velocity in the electric field of 
the ions produced when hydrogen is evolved by the action of hydro¬ 
chloric acid on zinc, when COg is prepared from marble and hydro¬ 
chloric acid, and when oxygen is prepared by heating potassium 
permanganate; he found that the velocity for a potential gradient 

1 Meissner, Jahresher. f. Chem. p. 126, 1863. See also Townsend, Proc. Camh. 
Phil. Soc. X. p. 62, 1899. 

2 Ibid. ix. p. 345, 1897. 

3 Bloch, Ann. de Chimie et de Physique (8), iv. p. 25, 1905. 


these carriers under a potential gradient 
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of a volt per centimetre was in all cases of the order 1/100 mm. per 
second. From the equation 

X — GTT/jLa V, 

where V is the velocity acquired by a sphere of radius a when moving 
under the action of a force X through a fluid having viscosity /la, 
we find, putting V = 10~®, /la = 2 x lO""*, X = 3 x 10“^® x (1/300), 
that a = 2-5 x 10~’, so that the size of these carriers is much 
larger than that of a single molecule. For other work on the 
mobilities of these ions see Vol. i. pp. 185-6. 

Ionisation 'produced by the Oxidation of Phosphorus. 

The case of ionisation by chemical action which has been most 
closely studied is that of the oxidation of phosphorus. Air which 
has passed over phosphorus at not too low a temperature has the 
power of discharging both positively and negatively electrified 
bodies. This fact was known to Matteucci^, the phenomenon was 
also investigated by Naccari^, and Elster and Geitel^, and was 
subsequently discovered independently by Shelford BidwelH; later 
it has been the subject of investigations by Barus^, Schmidt^, 
Harms7, and Bloch®. Barns made experiments to see if the ionising 
properties of the phosphorised air could be exerted through thin 
films of various materials; the only films through which he could 
get an appreciable effect were those made of thin tissue paper, and 
here the effect seemed to make its way through the pores rather than 
through the material itself, as on oiling the paper to stop up the 
pores the transmission ceased. Barus found that the air which had 
passed over phosphorus was very active as a cloud producer. If 
hydrogen is passed over phosphorus it does not become a conductor 
of electricity. 

Experiments made by Harms and Bloch have proved that the 
conductivity of the air which has passed over phosphorus is due to 

1 ilatteucci, Encyclopcedia Britatiyiica (1855 edition), viii. p. 022. 

2 Naccari, AUi della Scienze de Torino, xxv. p. 252, 1890. 

3 Elster and Geitel, Wied, Ann, xxxix. p. 321, 1890. 

4 Shelford Bidwell, Nature, xlix. p. 212, 1893. 

5 Barus, Experiments with ionised air, Washington, 1901. 

6 G. C. Schmidt, Ann. d. Phys. x. p. 704, 1903. 

7 Harms, Phys. Zeits. iv. p. Ill, 1902. 

8 Bloch, Ayin. de Chimie et de Physique (8), iv. p. 25, 1905. 
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the presence of ions in the gas. Thus Bloch has shown that the 

conductivity can be taken out of the phosphorised air by making it 

pass through a strong electric field, a property characteristic of an 
ionised gas. 

Bloch and Harms have shown that the current through the 
phosphorised air can be saturated, but that in consequence of the 
inertness of the ions it requires a very intense field to drive all the 
ions to the electrodes. Bloch determined the velocity of the ions 
under an electric field and showed that, as in most cases when ions 
are produced by chemical action, the mobility of the ions was very 
small compared with that of ions produced by X-rays, the velocity 
of the ions in the phosphorised air being for the same electric field 
only about 1/1000 of that of ions produced by X-rays; this shows 
that the ions in the phosphorised air are of very considerable size, 
having radii comparable with 10“® cm. Bloch has also determined 
the value of a, the coefficient of recombination, for the ions in the 
phosphorised air, and finds that this too is only about one-thousandth 
part of a for the ions produced by X-rays. All the properties of the 
phosphorised air indicate that the ions in it are some oxides of 
phosphorus collected around charged nuclei; the production of a 
cloud when the air comes into contact with damp air is quite in 
accordance ^vith this view, as these oxides are soluble in water and 
would thus lower its vapour pressure and produce condensation. 

Ozone is produced when oxygen passes over phosphorus, but 
Gockel* has shown that the ozone may be absorbed without 
destro 3 dng the conductivity. 

Both Harms and Bloch have shown that the number of ions 
produced when oxygen passes over phosphorus is very small in 
comparison wdth the number of oxygen atoms which enter into 
combination with the phosphorus. 

Tausz and Gorlacher ^ have studied the oxidation of phosphorus 
in a stream of air. They find that the ionisation is strongest in the 
flame which is carried away from the phosphorus by the stream of 
air. The ionisation increases with rise of temperature, and with the 
surface of phosphorus exposed to the air. There is, however, an 

1 Gockel, Phys. Zeits. iv. p. 602, 1903. 

2 Tausz and Gorlacher, Pkya. Zeits. xxxii. p. 91, 1931. 
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extent of surface beyond which there is no increase of ionisation; 
presumably this is the surface necessary to saturate the stream of 
air with phosphorus vapour. In wet oxygen there is apparently no 
effect, in dry there is ionisation, and a cloud is formed, but there is 
no light. The ionisation is therefore not a photo-electric effect. Sub¬ 
stances such as isoprene and cyclohexane, however, which destroy 
the light, destroy also the ionisation. 

Weiser and Garrison * consider that the oxidation of phosphorus 
takes place in two stages, first to the trioxide and then to the 
pentoxide. They consider that the luminosity is due to the second 
stage only, and this second oxidation gives rise to ionisation. This 
agrees with Tausz and Gorlacher’s discovery that the ionisation 
follows the flame, 

Blanc ^ flnds that an electric field increases the oxidation of a 
layer of phosphorus. This may be due to an increased circulation 
of the air set up by the motion of the ions. A penetrating radiation 
which he found has not been confirmed. 

Elster and Geitel^ have shown that the conductivity produced 
by passing air over sulphur, even at a high temperature, is ex¬ 
ceedingly small compared with that produced by phosphorus. 

Conductivity produced by Hydration, 

Le Bon4 has shown that the hydration and dehydration of 
certain salts produce conductivity in the surrounding gas. The 
most conspicuous case is that of sulphate of quinine. When sulphate 
of quinine is heated above a certain temperature and then allowed 
to cool, the quinine phosphoresces and the air over the salt becomes 
a conductor of electricity. This seems to be a case of ionisation by 
chemical action and not the emission of ionising radiation from 
the sulphate, for Miss Gates 5^ who has made many experiments 
on this subject, found that the effect on the air disappeared if the 
sulphate were covered with the thinnest aluminium foil procurable. 

1 Weiser and Garrison, Journ. Phys. Chan. xxv. p. 349, 1921. 

2 Blanc, Compter Rendus, clii. p. 1170, 1911; clviii, p. 1492, 1914. 

3 Elster and Geitel, Wial. Ann. xxxix. p. 321, 1890. 

4 Le Bon, Comptes Rendus, cxxx. p. 891, 1900. 

5 Miss Gates, Phys. Rev. xviii. p. 135, 1904. 
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IMiss Gates, and later Kalahne found that the current of electricity 
from the quinine through the air was greater when the quinine was 
positively than when it was negatively charged, and that the 
difference was greater when the conductivity was due to hydration 
than when it was due to dehydration. This result indicates an 
excess of positive ions in the air. 

When the water of crystallisation is driven off salts by raising 

them to a high temperature there is in many cases a production of 
ions. 


Reactions at High Temperatures, 

Many apparent cases of chemical ionisation refer to reactions 
which, like some of those mentioned at the beginning of the chapter, 
occur at fairly high temperatures. In such cases it is very difficult 
to be sure if the release of electricity is really due to chemical 
causes or is merely an instance of the thermo-electric effect. Most 
metals when heated to about 400*^ C. begin to give an appreciable 
emission of positive ions, chiefly of sodium and potassium present 
as impurities, while many salts give ofi ions at lower temperatures. 
The main emission from metals is certainly not chemical and occurs 
in high vacua, but after the power of a metal wire {e.g. platinum) to 
emit jDOsitive ions in vacuo has been exhausted, it will emit again 
in a gas with an intensity depending on the pressure. This emission 
is probably not chemical in nature. It occurs for example in 
helium, and follows changes of gas pressure with a lag as though it 
depended on an absorption of the gas by the hot metal. It has been 
extensively studied by Richardson (Emission of Electricity from 
Hot Bodies, 1922). 


In the case of heated salts it is harder to say. Undoubtedly the 
emission of electricity is greatly influenced by the presence of gas. 
On the other hand, the ions, whenever their ejm has been measured, 
are charged atoms of the metal of the salt or of an impurity. 
When chemical reactions occur, changes in the constitution of the 
salt, and perhaps also in its physical condition, will influence the 
thermal emission, especially as it is sensitive to small impurities. 
Richardson (loc. cit. p. 275) finds that the emission from barite is 
increased after heating in hydrogen, but is still larger while the 

I Kalahoe, Ann. d. Phys. xviii. p. 450, 1905. 
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heating is actually taking place. Unless this is due to a transitory 
compound, it seems to point to a real chemical emission. Kalendyk * 
finds that the vapour of KI conducts at about 300° when water 
vapour is present but not when it is dry. Klemensiewicz^ showed 
that the reversible oxidation and reduction of palladium and 
iridium at reduced pressiue and temperatures of the order 500- 
900° C. gave rise to no emission of either sign. He confirmed a result 
of Campetti that the reaction copper cuprous oxide and the 
reverse gives a positive emission but finds that the amount is much 
less than the emission from a fresh copper wire. Since it is well 
known that the emission from an apparently exhausted wire can 
be revived by treatment in various ways (Vol. i. p. 384), including 
even mechanical strain, it seems very doubtful if much can be 
attributed to the direct effect of the chemical action. A larger 
effect of the same character was found with tungsten. Richardson 
finds (loc, cit. p. 303) that at about 600° C. platinum reacts 
vigorously with phosphorus vapour. Positive ions are emitted. 
If platinum has been left cold in contact with phosphorus vapour, 
a vigorous emission of positive ions will occur on heating the metal. 

Electrification -produced by the bubbling of Air through 

Water^ and the splashing of Drops. 

Lord Kelvin 3 showed that air bubbled through water carried 
with it a negative charge, the amount of this charge depending 
upon the purity of the water, the addition of salts or acids to the 
water diminishing the effect, and in some cases reversing the sign 
of the electrification. The closely connected effect produced by 
the splashing of drops had previously been investigated by Lenard^, 
whose attention was called to the question by the well-known fact 
that there is something exceptional in the phenomena of atmo¬ 
spheric electricity at the foot of a waterfall when the water falls 
upon the rocks and breaks into spray. Leuard found that when 
a drop of water splashes against a plate, a positive charge goes to 
the water, while the surrounding air is negatively electrified. The 

1 Kalendyk, Proc. Roy. Soc. xc. p. 638, 1914. 

2 Klcmenaiewicz, An?i. d. Phys. xxxvi. p. 796, 1911. 

3 Lord Kelvin, Proc. Roy. Soc. Ivii. p. 33o, 1894. 

4 Lenard, Wied. Ann. xlvi. p. .'584, 1892. 
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amount of electrification is influenced to a remarkable extent by 
the purity of the water; thus Lenard found that while the effect 
was very marked ^vith the exceptionally pure water at Heidelberg, 
it was almost insensible with the less pure water at Bonn. He 
found, too, that the splashing of a weak solution of sodium chloride 
produced positive instead of negative electrification in the air; thus 
while the splashing of rain electrifies the air negatively, the breaking 
of waves on the sea-shore will electrify it positively. 

In some experiments made on the subject^, it was found that 
the effects produced by exceedingly minute traces of some sub¬ 
stances were exceedingly large; thus, although rosaniline is a very 
powerful colouring agent, its presence in water could be detected by 
the electrical effect before any change in the colour was apparent. 

Kosters^ found that while air bubbled through pure water was 
negatively electrified, the addition of *007 per cent, of sulphuric 
acid to the water made the air coming through electrically neutral, 
while the addition of more acid caused the air to be positively 
electrified, although the amount of this was small compared with 
the negative electrification due to pure water. 

The effect produced by the addition of salts and acids to the 
water on the electrification of air passing through has also been 
investigated by Lord Kelvin, Maclean and Galt 3. 

Lenard 4 found that electrification was produced by many 
liquids besides water and aqueous solutions; thus, mercury pro¬ 
duced a very large effect of the same sign as water; if mercury 
is vigorously shaken up in a bottle, and the air drawn off, it is 
found to be strongly charged Avith negative electricity; turpentine, 
too, gives a large effect of the opposite sign to that of water, 
the air being positively, the turpentine negatively, electrified. 
The splashing of carbon bisulphide also gives rise to considerable 
electrification, the sign of the electrification being the same as for 
water. 

The nature of the gas surrounding the liquid has also a very 

1 J. J. Thomson, Phil. Mag. (5), xxxvii. p. 341, 1894. 

2 Kosters, Wied. Ann. Ixix, p. 12, 1899. 

3 Lord Kelvin, Maclean and Galt, Phil. Trans, cxci. p. 187, 1898. 

4 Lenard, Wied. xlvi. p. 584, 1892. 
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considerable effect upon the electrification; thus Lenard found 
that the electrification due to the splashing of water surrounded 
by hydrogen was much less than when the water was surrounded 
by air. Using very carefully purified hydrogen, one of us got only 
a very small electrification, and that of the opposite sign to the 
effect in air. 

Later experiments made by Kahler* showed that the absence 
of electrification when air is bubbled through salt solutions is not 
due to the absence of ions but to the presence of both positive 
and negative ions in equal numbers; in the case of pure water only 
negative ions are present. Aselmann^ has shown that the ions pro¬ 
duced by the splashing of drops are of many different sizes; thus, for 
the velocity, xmder the potential gradient of a volt per centimetre, of 
the negative ions produced by the splashing of pure water he found 
values ranging from 4 cm./sec. to 2*7 x 10“* cm./sec., the greater 
number of ions having velocities between 4 and 1*6 x 10“^ cm./sec. 
For the ions produced by the splashing of a -2 per cent, solution of 
NaCl he found the velocities of the negative ions to range from 
4 cm./sec. to 1*9 x 10“® cm./sec., while the velocities of the positive 
ions were between 8*8 x 10-^ cm./sec. and 3*4 x 10“^ cm./sec. 

Busse3 finds that some positive ions are produced even by pure 
water (specific resistance 10® ohms cm.). The proportion of negative 
to positive depends greatly on the conditions of the experiment. In 
some recent experiments BiihH finds that strong electrification 
occurs when water is sprayed in a vacuum, or rather in a space 
saturated with water vapour at room temjjerature. Under these 
conditions the great majority of the ions are negative; when air is 
present the number of negative ions diminishes and that of the 
positives increases. 

Lenard 5 considers that the surface of water contains a double 
layer of which the negative component is outside. On this view 
Busse explains the larger mobility of the negative ions, which he 
and Aselmann both find, by supposing that the small droijs come 

1 Kahler, Ann. d. Phys. xii. p. 1119, 1003. 

2 Aselmann, Ann, d. Phys. xix. p. 960, 1006. 

3 Busse, Ann. d. Phys. Ixxvi. p. 403, 1925. 

4 Biihl, Ann. d. Phys. iii. p. 978, 1020. 

5 Lenard, Ann. d. Phys. xlvii. p. 478, 1015. 



288 


IONISATION DUE TO CHEMICAL ACTION 


from the outer negatively electrified component of the double 
layer. On the assumption that the drops are singly charged he 
calculates that the minimum radius of a positive ion from NaCl 
solution is about 35 to 40 x 10“® cm., and that the maximum 
radius of the negative is about the same, and supposes that this 
gives the approximate thickness of the negative component of the 
double layer. It should be mentioned that his mobilities are con¬ 
siderably larger than those of Aselmann. As a consequence of 
experiments on the motion of air bubbles through water in an 
electric field, Alty ^ concludes that negative ions collect in the water 
round the bubble. This he supposes to be due to a layer of polar water 
molecules with their negative ends towards the air and their positives 
inwards. Since the water as a whole is neutral, the corresponding 
positive ions must occur deeper in the water. In view of the much 
greater efficiency of pure water in promoting electrification by 
splashing, it is interesting that Currie and Alty find that a bubble 
reaches electrical equilibrium much more quickly in pure water 
than in a dilute solution. 

On this view the predominant negative charge in the case of 
pure water is due to the hydroxyl ions tending to accumulate near 
the surface under the influence of a layer of polar water molecules. 
Small portions of water dragged off the surface will therefore tend 
to have a negative charge, and the small drops, being more mobile, 
will be the most important contributors to the conductivity. Posi¬ 
tive ions might arise either by inductive action of a negative ion 
on a drop of water just before it is detached from the main body 
of liquid, or by a second drop being removed from a surface which 
has lost its negative layer and not had time to reform it. There is 
another possibility which may be important in solutions when 
approximately equal numbers of positive and negative drops are 
formed, this is the purely random occurrence of an extra ion in the 
portion of liquid which is torn off. Such an extra ion will, of coiu'se, 
be acted on by an electric force tending to return the ion to the 
water, this force will give rise to a potential energy ^Ve= where 

r is the radius of the drop. While the drop is being detached from the 
surface of the water the potential energy is not exactly calcrdable, 
but will be of the same order of magnitude. For r = 40 x 10“®, 

I See Currie and Alty, Proc. Roy, Soc. exxii. p. 622, 1929. 
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\e~lr = 2-85 x IQ-i®. Now the kinetic energy of the ion due to 
thermal agitation is | kT which for room temperature is -58 x 

The chance that a drop will have an extra ion, which depends on 
e ig thus quite appreciable. 

According to Simpson electrification by splashing has an im¬ 
portant meteorological consequence. When rain drops are falling 
and growing by condensation a time comes when they become too 
large for stabihty and break up. The finer spray will tend to have 
a negative charge and the larger fragments a positive. Omag to 
the resistance of the air the larger droplets will faU faster, so that 
there will be a separation of charge, the positive below and the 
negative above. If there is a strong np-current the negative charge 
raa,y actually be carried upwards and may build up a field of 
suffacient strength to cause a lightning flash (see p. 570). 


Emission of Electrons caused by Chemical Action. 

In most of the cases considered in this chapter the ions prodnced 
are heavy and have mobilities less than those of ordinary X-ray 
ions in air at atmosiiheric pressure. Haber and Just' have shown 
that electrons are released by the action of a number of gases on the 
hqmd sodium-potassium aUoy. The alloy is allowed to enter in the 
form of drops into a vessel filled with the gas at a very low pressure 
In this way a fresh surface of the alloy is continually-exposed to the 
reagent. The electrons are received on a cUsc connected with an 
electrometer and placed near the jet. By measuring the reduction 
of current caused by a magnetic field the value of efn can be 
estimated, mth results in good agreement with that of an electron 
at least in the case of the majority of the ions. The gases chlorine’ 

and“^hosTe water vapour, thionylchloride 

and phosgene all gave an effect. Hydrogen and nitrogen were 

ut m tins case the ions were too heavy to be deflected by a magnetic 

ihe th k'“ P-itive ions wefe obsfrvet 

The thickness of the layer of salt formed by the reaction on the 

rops was estimated at a few molecules. An estimate of the number 

f electrons released per reacting atom of the metal gave 1 in 1500 
as a rough maximum. 


TC E II 


I Haber and Just, A,,n. d. Phys. x.xxvi. p. 308. 1911. 
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Richardson ^ and others have made a careful study of this effect, 
especially in the case of COClg on NaKg, and have investigated the 
distribution of energy among the electrons. Richardson found that 
the curve showing the number of electrons which reach the electrode 
as a function of the retarding potential is asymptotic to the axis, 
so that there is no definite maximum energy as in the case of the 
photo-electric effect. It must, however, be remembered that the 
surface of the drop is far from uniform, since it is covered with a more 
or less complete layer of reaction products. It might well be that 
different parts of the surface had very different work functions and 
that the observed curves could be explained by a superposition of 
the several curves corresponding to the different parts. For part, 
but not the whole, of the range of energies the distribution is the 
same as that of thermo-electrons from a substance of temperature 
2370° K. Ill some cases the contact potential difference between 
the drop and the collector was determined by using the drop as the 
source of an independent photo-electric emission, but in the more 
recent experiments it was determined by a comparison of the ob¬ 
served curves with those calculated on the assumption of a Max¬ 
wellian distribution. When the pressure is small, less than about 
3 X 10-^ mm. with the drops used, the current is nearly proportional 
to the pressure. At higher pressures the current depends on the 
rate at which the drops form and the total charge per drop reaches 
a constant value (about 1-5 x 10“^ coulombs); under these condi¬ 
tions the drop develops a visible skin which affects its shape and 
makes it break away, when it does so, in an irregular manner. 
Renisofl and Richardson® found a smaller yield than Haber and 
Just, about 1 electron to 15,000 reacting atoms of metal. 

The reaction produces no visible light, and Haber and Just 
could find no radiation through a quartz window which would 
affect a photographic plate. It is possible that the reaction pro¬ 
duces light of too short a wave-length to be transmitted by quartz 
or even that the light is too feeble to be detected. The Na—K alloy 


1 Richardson, Emission of Electricity, p. 310. Brotherton, Proc. Hoy. Soc, cv. 
p. 468, 1924. Richardson and Brotherton, ibid. cxv. p. 20, 1927. Richardson and 
Grimmett, ibid. cxxx. p. 217, 1930. 

2 Denisoff and Richardson, Proc. Roy. Soc. cxxxii. p. 22, 1931. 
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shows the selective photo-electric effect very strongly and gives an 
unusually high photo-electric yield. 

Another, and perhaps more probable, explanation is that the 
emission is due to the action of ions or metastable atoms on the 
surface of the alloy. As Oliphant has shown, these can produce 
a direct emission of electrons from a metal surface of low work 
function without the intermediate stage of radiation. 


19-2 



CHAPTER VIII 


DISCHARGE THROUGH GASES AT LOW PRESSURES 

When the electric discharge passes through a gas at a low 
pressure differences in the appearance of the gas at various points 
in its path become very clearly marked. The discharge, Fig. 116, 
presents the following features: starting from the cathode there is 





Fig. 115. 







Fig, 116. 


a thin layer of luminosity (1) spread over its surface; next to this 
there is a comparatively dark space called the ‘ Crookes dark space' 
(2) the width of which depends on the pressure of the gas, increasing 
as the pressure diminishes—it also depends, under some conditions, 
on the intensity of the current; the boundary of the dark space is 
approximately the surface traced out by normals of constant 
length drawn to the surface of the cathode; be 3 'ond the dark 
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Space there is a luminous region (3) called the ‘negative glow’; 
beyond this again is another comparatively dark region (4) called 
by some writers the ‘second negative dark space’ and by others 
the Faraday dark space,’ its length is very variable even when 
the pressure is constant; beyond this again there is a luminous 
column (5) reaching right up to the anode and called the 
positive column ’; when the current and pressure are within 
certain limits this column exhibits remarkable alternations of 
dark and bright spaces, these are called ‘striations’ and are shown 
in Fig. 116. The figure is taken from a paper by De la Rue and 
MuUer {Phil. Trans, clxix, p. 155, 1878). In long tubes the 
positive column constitutes by far the greater part of the dis¬ 
charge, for the Crookes space, the negative glow and the Faraday 
dark space do not depend markedly upon the length of the tube, 
so that when the length of the discharge is increased, the increase 
is practically only in the length of the positive column; thus for 
example in a tube about 15 metres long used by one of us, the 
positive column occupied the whole of the tube with the exception 
of two or three centimetres close to the cathode. AVe now proceed 
with a detailed examination of the various parts of the discharge, 
beginning with those in the neighbourhood of the cathode. 

Section A. The Dark Space. 

Definition of the Cathode Darh Space. 

In some gases, notably oxygen, the difference in luminosity 
inside and outside the dark space is so marked that it is possible to 
fix the position of the boundary to a fraction of a millimetre. In 
others such as He and Hg the change in luminosity is much less 
noticeable, and the boundary cannot be determined accurately 
by visual methods. Electrical methods give more definite results. 
The potential difference required to produce a discharge between 
two parallel plates alters very slowly with the distance between the 
plates as long as the anode is outside the dark space. As soon, 
however, as the anode reaches this space the potential difference 
increases with great rapidity. This is shown in Fig. 117, due to 
Guntherschulze: the ordinates are the potential differences and 
the abscissae the distances between the electrodes. The thickness of 
the dark space is a little greater than 5 mm. and here the increase is 
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SO abrupt and well-marked that the distance between the electrodes 
when it occurs can be determined with accuracy. We define this 



distance as the thickness of the dark space and shall denote it by d. 
The visual method when it is available gives the same value for d 
as the electrical one. 

Cathode Fall of Potential. 

The difference between the potential of the cathode and the 
potential in the gas at the distance d from the cathode is called the 
‘ cathode fall of potential.’ AVhen the current density at the cathode 
does not exceed a certain critical value depending upon the nature 
of the gas and the electrode, the cathode fall is approximately in¬ 
dependent of the current and the pressure. In this case the discharge 
is said to be ‘normal.’ 

Phenomena occurring in the Park Space. 

AVe know that the cathode rays which start from the cathode 
and pass through the dark space are electrons travelling at a high 
speed, we know too that such electrons ionise a gas when they pass 
through it. 

By using a cathode with a fine hole in the middle and studying 
by the method of conjoint electric and magnetic fields (Vol. i. 
p. 265) the nature of the particles which pass through the hole, we 
can show that charged atoms and molecules are moving through the 
gas towards the cathode. The photographs produced by these 
particles when the}'" strike against a photographic plate (Vol. I. 
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p. 273) show that even in a pure gas they are not all of the same 
kind, some may be atoms, others molecules, some may carry only 
one charge of electricity, others two. We can find from these photo¬ 
graphs the energy of the different particles when they reach the 
cathode, and it appears that the maximum energy is the same for 
particles of all kinds. Besides the particles which possess this maxi¬ 
mum energy there are others which possess only a fraction of it, 
there is a fairly continuous distribution of energy ranging fro m 
the maximum to much lower values. This is what we should expect, 
since the cathode rays ionise the gas in the dark space as they pass 
through it, some of the ions are produced in one place, others in 
another. The energy of the positive ions when they reach the 
cathode will be due to the fall from the potential at the place where 
they are produced to the potential of the cathode, and so will 
vary continuously from that due to a fall through the whole of the 
dark space to that due to one from a place quite near the cathode. 

We have in the cathode rays one source of ionisation, but 
to maintain the discharge we require another. The electrons 
which start from near the cathode are cleared out of the dark 
space by the electric field and unless there is something to provide 
a new supply near the cathode the discharge must stojD. 

The energy of the cathode rays can be determined by the method 
of conjoint electric and magnetic fields and it is found that, in 
contrast to the positive ions, the vast majority of the electrons in 
the cathode rays have all the same energy and this is equal to the 
maximum value of that of the positive ions; for an experiment which 
shows this see i?ays of Positive Electricity, p. 104. This fact shows 
that the great majority of the electrons have the energy due to the 
fall of potential through the dark space and must therefore start 
from quite close to the cathode so that the other source of ionisa¬ 
tion must operate in that region. 

There are in the discharge tube various agents which are known 
to have the power of ejecting electrons from metals. A radiation 
is emitted from some parts of the discharge and especially from the 
negative glow, which falling on the metal of the cathode would, by 
photo-el(?ctric effect, cause it to emit electrons; this effect must 
certainly exist but it is probably of only secondary importance. 
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By using fine wire gauze for the cathode the area exposed to the 
radiation can be reduced to a very small fraction of that of a solid 
cathode without producing much effect on the current through the 
tube. 

Another possibility is that of a double layer of positive and nega¬ 
tive electricity at the surface of the cathode. If the distance be¬ 
tween the layers were 10“®cm. (which is large compared with atomic 
distances), a potential difference of a volt between them would 
produce a force at the surface of the cathode of a million volts per 
centimetre. A force of this magnitude would be able (see p. 492) 
to drag electrons out of the metal of the cathode; we have, however, 
no data from which we could calculate this effect, we have not 
even any direct evidence of the existence of the double layer. 
There is, however, a third effect for which we have the data to 
calculate the result which it should produce. Such a calculation 
will, as we shall see, give fair agreement with the results of experi¬ 
ments. This effect is the expulsion of electrons from a metal plate 
by the impact of positive ions. It has been known for a long time 
that when positive ions fall on a metal plate electrons are ejected. 
This is shown by the experiment described on p. 201, where, 
however, the positive ions had far greater energy than they could 
get by falling through a potential difference as small as the normal 
cathode fall. Later experiments, especially those of Horton and 
Davis* and Oliphant^, have shown that positive ions with but 
small energy can liberate electrons from metals. This effect is 
clearly illustrated in Fig. 118, taken from the second of Oliphant’s 
papers. The abscissae represent the energy, measured in volts, of 
the positive ions striking against the metal, the ordinates the ratio 
of the number of electrons emitted to the number of charged ions 
striking against the plate. Determinations of the number of 
electrons emitted under the impact of positive ions have been 
made by Cheney3, Baerwald4, Badareu^ and others. There are 
wide differences in the number of electrons emitted by the inci¬ 
dence of a single positive ion, especially when the energy of the 

1 Horton and Davis, Proc. Roy, Soc. xcv. p. 333, 1919. 

2 Oliphant, Proc. Roy. Soc. cxxvii. p. 373, 1930; cxxxii. p. 631, 1931. 

3 Cheney, Phys. Rei\ x. p. 335, 1917. 

4 Baerwald, Ann. d. Phys. lx. p. 1, 1919. 

5 Badareu, Phys. Zeits. xxv. p. 137, 1924. 
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impinging ion is small. Oliphant has shown that layers of gas on 
the surface of the metal against which the ions strike produce a 
large effect on the emission of electrons. For a fuller discussion 
of the experimental results see Chap. v. 



If the impact of the positive ions against the plate is the cause 
which is responsible for the continual renewal of electrons near the 
cathode necessary to maintain the discharge, and if there is no 
recombination of positive ions and electrons in the dark space, 
the number of positive ions which must strike against the cathode 
to liberate one electron must be equal to the number of positive 
ions produced by an electron in its journey through the dark space. 
If we know the distribution of potential through the dark space 
we can find the energy of the electron at any point of its path, and 
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if we know how the ionisation an electron produces per unit length 
of its path varies with its energy we can calculate the number of 
positive ions it produces in its passage through the dark space. We 
can then test the theory by comparing this with the number of 
positive ions which Oliphant finds is required to eject a single 
electron. 

Distribution of Potential in the Dark Space. 

Many experiments have been made on the distribution of 
potential in the dark space. The most definite results are those got 
by Aston using a method the principle of which was given in the 
2iid Edition of this work, p. 532. The method is illustrated in 
Fig. 119. A fine stream of cathode rays is sent from a side tube 



CAy sealed on to the main discharge tube, by a source of potential 
difference independent of that used for the main tube, the stream 
passes through the tube at right angles to the line of discharge and 
falls on a willemite screen at the end of another side tube T whose 
axis is in line with that of the first tube. When the cathode rays 
from the side tube pass across the dark space they are acted upon 
bv the electric force in that space and are deflected from their course, 
the phosphorescent spot on the willemite screen is deflected and the 
amount of the deflection gives the magnitude of the force in the 
part of the dark space traversed by the cathode rays. There is an 
arrangement by which the cathode and anode can be moved along 
the main tube keeping the distance between them constant, so that 
each part of the dark space can come in the line of fire of the 
cathode rays and the electric force at that point be determined. 

Objections have been made to this method on the ground that 
the distribution of electric force in the dark space may be altered 
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by this auxiliary discharge. If, however, this discharge is properly 
designed the disturbance is exceedingly small. It is easy to screen 
ofi all disturbance due to electrostatic effects coming from the leads 
and terminals used to produce this discharge, so that the only dis¬ 
turbing effect is that due to the fine stream of cathode particles 
passing from it through the tube. The cathode used for this discharge 
is placed in a fine tube so that the dark space round it is very 
much restricted; this restriction increases very greatly the potential 
required to produce a discharge from it, so that the cathode rays 
which shoot across the dark space have a very high velocity and 
therefore will produce very little ionisation as they pass across 
that space, their direct electrostatic effect is also very small. Using 
this method Aston found that the intensity of the electric force at 
a point P in the dark space was directly proportional to a:, the 
distance of P from the end of the dark space next the negative 
glow. 

Thus if V be the potential at a point distant x from the end of 
the dark space 

dV 

dx “ 




Hence if d is the length of the dark space and Vq the cathode fall 
of potential, i.e. the difference between the potential when a: = 0 
and when x = d. 



cd^ 

~ 2 ‘ 


If the potential of the cathode is taken as zero, V, the potential at 
a distance ^ = d — x from it, is given by 

V d^ - {d f )2 


V. 


o 




( 2 ). 


From this equation we see that 

d-^v 


dx^ 


— 47rp = — 'IV^/d^ — a constant; 


here p is the density of electrification at the place x. As p is constant 
the density of electrification must be constant throughout the dark 
space. This electrification must be overwhelmingly positive, for 
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the velocity of the electrons exceeds so greatly that of the positive 
ions that, unless the density of the electrons was a very small 
fraction of that of the positive ions, practically all the current 
would be carried by electrons while, as we shall see, in general, the 
current carried by electrons is less than that carried by positive ions. 


When the number of positive ions produced in the dark space by 
ionisation is large compared with the number drifting into it from 
the negative glow, and reasons for thinking that this is so are given 
on p. 302, Aston’s law of the distribution of electric force requires 
the rate of ionisation to be constant through the dark space. The 
proof of this, taken from Rays of Positive Electricity, J. J. Thomson, 
2nd Edition, p. 112, is as follows. 


Calculation of the Distribution of the Potential in the Dark 

Space xoiih Plane Cathodes. 

Let (/> {x) be the difference of potential between the luminous 
boundary of the dark space and a place P at a distance x from it; 
let q be the rate of ionisation per unit of distance at a place distant ^ 
from the luminous boundary. The positive charge at P will have 
travelled to it from places like Q, co-ordinate a; > ^ > 0. If a 
positive ion started from Q and fell freely to P its velocity, tJp, at P 
would be given by the equation 

= (2e/i>f )i {4, {X) - 4 (f )}i, 

where M is the mass of the positive ion. The number of positive 
ions which start per second from a layer of thickness d^ atQ is qd4\ 
the density of these when they reach P will be qd^jv, so that the 
density of the positive charge at P is 

e r 

Jo 

As the negative electricity is carried by electrons which move 
much more rapidly than the ions, the density of the negative electri¬ 
fication will be negligible in comparison with that of the positive, 
otherwise the greater part of the current would be carried by the 
electrons, and this is not the case. Thus 

Itt dx"^ ^ Jd V Jo (2elM)^ {(f> {x) — (f> (^)}^ 
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To solve this equation put 

<f> (a;) = Ax^, 

1 


then 


477 


.An (n — 1 ) a;”“* = 


q = i = x.z, 

e.Bx^+^ dz.z^ 

« Jo n - 


{2elM)^ A^x 2 


(1 - 


. .( 1 ). 


The integral on the right-hand side of this equation does not 
depend upon x, so that equating the indices of x on the two sides of 
this equation we get 

w — 2=m+l—^ or — 2) = m.(2). 


When Aston’s law for the distribution of potential in the dark 

space holds, is constant so that n = 2 , and so from equation ( 2 ) 

m = 0, i.e, the ionisation is constant throughout the dark space. 
If I is the current carried by the positive ions 

[d 

/ == e qd4, 

J 0 

where d is the thickness of the dark space, hence 

I = eBd; 

and if F is the cathode fall of potential 

V = Ad^. 


Substituting these values, we get, from equation ( 1 ) remembering 
that 

I* ^ dz 77 

V = {/. 77 ^ (Mj2e)^ d~^}^ d^ 

or yi = 772 (A// 2 e)i Id^, 

a relation of the same form as the ordinary space-charge equation 

but with a different numerical constant. 


If as with concave cathodes there is concentration of the cathode 
rays at a focus, so that most of the ionisation is at the boundary of 
the dark space, see p. 14, the conditions are the same as those in 
the usual case of the space-charge. It is interesting to notice that 
such a large change as that from uniform ionisation through the 
whole of the dark space to that of concentration at the end of it 
only results in the change of a numerical constant in the relation 
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between F, I and d. If the positive ions drifted into the dark space 
from outside the case would correspond to that in the ordinary 
space-charge and, as we have seeu, the relation between F, I and d 
would except for a constant be the same as if they were produced 
inside. Though this relation is the same, the distribution of electric 
force is very different. In the ordinary space-charge the force varies 
as x^; thus the force would increase to one-half the value at the 
cathode when the distance from the end of the dark space was only 
one-eighth of d, while on Aston's law it would not reach this value 
until half-way across the dark space: this is certainly nearer the 
truth than the smaller value, thus the distribution of the force is 
inconsistent with the view that ions which carry the current come 
in from outside. 

In deducing equation (1) we have assumed, as is also done in 
obtaining the corresponding expression for the ordinary space- 
charge, that the ions do not lose any energy in their path through 
the dark space, and such expressions have borne the test of many 
experiments. Yet in going through this space the ions would make, 
as the following table shows, a large number of collisions if these 
were such as occur between hard elastic spheres. The mean free 
path given in the second column of the table is the average distance 
between two collisions of this kind at the pressure of 1 mm. Hg and 
the third column is the length of the dark space at that pressure. 


Gas 

Free path 

Dark space 

Ratio 

H, 

1-39 X 10-2 

1 1 

0-72 

50 

He 

216 X 10-2 

1-32 

1 

60 

1 

N. 

0-71 X 10-2 

0-30o 

43 

o; 

0-76 X 10-2 

1 0-322 

1 

1 

42 , 

1 


The free paths in the second column of this table refer to mole¬ 
cules whose energy corresponds to that due to thermal agitation; 
the free path we are concerned with is that of a charged ion in the 
strong field of the dark space; under this field the ion may acquire 
energy measured by 200—300 volts, which is not far from 10^ times 
that due to thermal agitation. When we regard a collision as the 
deflection which molecules exerting forces on each other suffer 
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when they pass by each other, the effect of the collision diminishes 
■as the energy of the molecules increases, and this increases the 
length of the mean free path. Taking this into account the free 
path of an ion, if measured by the distance it has to travel before 
its energy is appreciably changed, may be quite comparable with 
the length of the dark space. The evidence of the photographs in 
the parabolic method of investigating positive rays (which are high 
speed positive ions) is that these do not suffer appreciable loss of 
energy in passing through the dark space. When there are dift’erent 
gases in the discharge tube the heads of the parabolas corresponding 
to the different atoms are all in the same vertical Une, indicating 
that when the positive rays meet the cathode the maximum energy 
is the same for all ions, whether light or heavy. Moreover, as the 
experiment described in Positive Rays, p. 104, shows, this is the 
same as the maximum energy acquired by an electron starting 
from the cathode and passing through the dark space in the oppo¬ 
site direction to that taken by the positive ions. 

An experiment made by Konigsberger and Kutchewski 
(Positive Rays, p. 50) shows in a very simple and direct way that 
there is very little loss of velocity by positive ions moving at a high 
speed through gas at a low pressure. The parabolas in the photo¬ 
graphs furnish us with the means of finding the speed of the rays 
when they arrive at the cathode; they show that ions of the same 
kind arrive at the cathode with very different velocities. This 
shows that the velocity of an ion at a point cannot be fixed by the 
state of the electric field at that point, i.e. if V is the potential at 
the point the velocity cannot be fixed by the value of V and its 
differential coefficients at the point. If, however, the ion were 
losing energy rapidly by collisions, e.g. if it were moving through a 
gas at a high pressure, the velocity of all ions of the same kind at a 

point would be k where k is the mobility of the ions and -- 

the force at the point, and ions of the same kind would at any one 
place have the same velocity. 

Another method of measuring the distribution of force in the 
dark space is due to Brose * who estimates the force by the Stark 
effect on the line Hy. This method has the advantage that there is 

I Bros©, Ann, d. Phys. Iviii. p. 731, 1919. 
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no interference with the discharge and that it can be apphed to 
regions nearer the cathode than is possible with Aston’s method; 
it has the disadvantage that it can only be applied when the electric 
force is very large, much larger than that in the dark space with a 
normal discharge. 


cc 



Fig. 120. X is the distance from the Fig. 121. 

cathode, y the electric force in 
curves 1 and 2; in curve 3 y is the 
density of the electrifications. 

Brose’s experiments indicate (see Fig. 120) a diminution in the 
electric force quite close to the cathode, this involves an excess of 
negative electricity in that region, where some irregularity might be 
expected as the electrons coming from the cathode will not ionise 
until they have acquired energy measured by the ionising potential 
of the gas, thus in a layer close to the cathode there will be no 
ionisation and Aston’s law could not be expected to hold. At 
some distance from the cathode Brose’s results are in fair ac¬ 
cordance with Aston’s linear connection between electric force and 
distance from cathode. The existence of a maximum field close 
to the cathode has been confirmed by Wehnelt and Schmerartz^. 

I Wehnelt and Schmerartz, Ann. d. Phys. Ixxxvi. p. 866, 1928. 
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WestphaH found that there is an abrupt jump in potential just in 
front of a heated cathode coated %vith oxides of the alkaline earths 
comparable with the whole cathode fall of potential; there is, how¬ 
ever, no evidence of such a jump occurring with cold electrodes. 

When the walls of the discharge tube are near to the boundary 
of the cathode the electrification on them produces forces which 
make the lines of force between the electrodes curved instead of 
straight. The equipotential surfaces are no longer plane but are 
distorted in the way shown in Fig, 121, due to Wehnelt, indicating 
a tendency to make the discharge concentrate towards the central 
part of the cathode. 

Ionisation due to the Motion of Electrons, 

Experiments on the ionisation produced by electrons moving at 
definite speeds have been made by several observers, the most 
recent are those of Kossel, Hughes and Klein, Compton and Van 
Voorhis, and Smith (see Chap. iii). 

The results of these observers agree qualitatively, though there 

are considerable discrepancies in the numerical results. They all 

agree on the following points, which are also in accordance with 
theor}’^: 

The electrons do not ionise unless their energy measured in volts 

is greater than the ionising potential of the gas through which they 
are passing. 

The number of ions produced per unit length of the path of the 
electron increases at first in direct proportion to the excess of its 
energy over the ionising potential, it then increases less rapidly and 
for a considerable range of energies varies but little with the energy, 
it then begins to decrease, the rate of decay being slow at first and 
then increasing rapidlv. 

Ionisation by moving electrons is due to the communication of 

energy from the moving electron to an electron in an atom of the 
gas. 

The dynamical principles which are concerned are discussed on 
p. 97 where it is shown that if Q is the energy communicated by 

r Westphal, Verh. rl. D. phys. GeselL xiv. p, 223^ 1912. 
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a moving electron whose energy is T, mass M and charge e, to a 
mass m and charge e originally at rest, 

4m-Mcos^ 6l2 
^ = (m 4- M)2 ’ 

where tt — d is the angle through which the direction of motion of 
the moving electron, relative to the c.G. of and m, is deflected by 
the collision and is determined by the equation 

cos2d/2 =- 




m 


M -\- m 


r 


where j) is the length of the perpendicular from the fixed mass on 
the direction of motion of M before the collision begins. 

li M — m the energy transferred is 

T cos2 ei2 

and in this case 


cos^ 0/2 = 


1 + 


p2 


or tan d/2 = 




and 


Q- 


T 


1 + 


^2 


( 1 ) 


In order that an electron should be ejected from the atom it 
must receive at least Ke units of energy, where K is the ionising 
potential of the atom, so that 

T T — Ke 




Ke or 'p^ 


T^Ke 


Thus the moving electron wiU give energy not less than Ke to all 
electrons contained in a cylinder whose radius is h, where 


= {^-^\ e^ 


KeT^ ) 


( 2 ), 


and whose axis is the line along which the moving electron was 
travelling before the collision. If the atom has an ionising potential 
K the electron will be ejected, and in some cases it will not only be 
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ejected, but ejected with considerable velocity. The number of 
electrons ejected per unit path is 

(r - /iCe) 

KeT^ ^ * 


where N is the number of electrons in unit volume which have the 
ionising potential K. The number which receive energy not less 
than '2Ke per unit path is 


ttN 


{T - '2Ke) 
2KeT^ 



hence the number which receive energy between 2Ke and Ke is 

TtNc^ / I 1 

\K ~ ^ J * 

These when ejected have energy between Ke and 0 and so cannot 
detach another electron. 


The number which receive energy between 3^e and 2Ke is 

/I 1 \ 

~fir U ~ 3) ’ 


and these emerge with energies between Ke and 2Ke and so can 
detach an electron for themselves, hence these may give rise to 
two electrons. Proceeding in a similar way we see that the total 
number of electrons liberated per unit path is roughly 


rrNe* ^ 

TK^IV 


where 


~ ‘i) + ~ I) ^ (S - i) 


T -f- 


ttNc^ /I 

~ 'WJT \2 


2 ++ 


T = nKe, 




The number of electrons liberated without the aid of the ejected 
electrons is 


K^V 



The following table contains the values of ~ (l —in the 

n \ n) 

second column, those of + | + i i.i the third, and 

the ratio of these numbers in the fourth column. 


2o-a 
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When 71 is very large the value of the numbers in the third column 
is approximately (log n — *423)/w. 


n 



1 

n 

t 



2 

•25 

1 

•25 

1-00 

12 

•076 

•172 

2*27 

3 

•22 

•27 1 

1-24 

14 

•065 

•160 

2-39 

4 

•187 

•27 1 

1-44 

16 

•058 

•149 

2-49 

5 

•165 

•25 i 

1-60 

18 

•052 

•138 

2-60 

8 

•11 

•21 

1-94 

20 

•047 

•129 

2-69 

10 

■09 

•193 ] 

1 

2-12 






In this case we have supposed that less than the energy retained 
by the electron on emission from the molecule was spent in ionisa¬ 
tion, e.g. that when this energy is between K and 2/ir, only K units 
were spent in ionisation, so that the expression (3) "will probably 
be less than the real value. If we suppose that all the energy is 
spent in ionisation, the number of ions calculated on this assump¬ 
tion would be too great. Since from equation (2) 

where Q is the amount of energy transferred to the electron, 


b.db= - 


TQ 




The number of collisions with b between b and b + db and therefore 
with a transfer of energy between Q and g -f- Sg is 

27TNe^ 


N27rb . db or 


TQ 


sg. 


hence the energy transferred to the electrons is 

{T Q8Q 


or it T = 71 Ke 


J Ke 


Q 


27TNe^ 

nli 


27TNe ^, T 


log n 


If this w^ere all spent on ionisation the number of ions would be 

27TA^e^ 


nK^ 


log n ; 


on the preceding assumption the last factor was (log n — *423) 
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When this secondary ionisation is taken into account the 
maximum ionisation occius when n = e or when the energy of 
the ionising electron = 2*7Ke^ considerably higher than when the 
primary ionisation alone is taken into account. 

This takes no account of resonance collisions which will decrease 
the amount of secondary ionisation to an extent difficult to calcu¬ 
late , it is probably not large owing to the small probability of 
effective collisions of this kind. 

The gas may have more than one ionising potential and as the 
energy of the moving electron increases it may be able to eject 
electrons from lower levels and thus increase the ionisation. This 
effect, like secondary ionisation due to the electrons ejected by 
the primary one, tends to raise the value of the energy of the electron 
which produces the maximum total ionisation The secondary 
ionisation when T is large makes the total ionisation proportional 
to log {TIK)IT instead of \/T. 

We have supposed in the preceding work that the electron in 
the atom can move freely. If it is so firmly held by atomic forces 
to the nucleus that it drags the nucleus about with it, then when it 
is struck by the moving electron it will behave as if its own mass 
were increased by the mass of the nucleus and the energy communi¬ 
cated to it will be but a small fraction of that which it would 
receive if it were free. Though the electron mav be attached to the 
nucleus by forces, it may if the time of impact {i.e. the time the 
two electrons are so near together that the repulsion between them 
is comparable with its maximum value) is small compared with 
the time of vibration of the bound electron, receive as much energy 
as if it were free; the expression for the energy communicated to 
the electron will contain as a factor 

There are thus several sources of ionisation in the dark space, 
including moving electrons, radiation, and the impact of positive 
ions against the cathode. Thanks to the researches of Compton 
and Van Voorhis and P. T. Smith we know, approximately at any 
rate for several gases, the number of ions directly produced per unit 
path b} electrons moving through them with energies ranging up to 
3000 volts. From these results we can calculate the number of ions 
produced by an electron when it moves through the dark space in 
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to the very flat maximum in the 
graph representing the amount of ionisation with energy this is a 
very large fraction, about 80 per cent., of the number which would 
be produced if the electron were ionising at its maximum rate from 
leaving the cathode to reaching the anode, so that it is but Httle less 
than the greatest number that could possibly be produced by an 
electron moving at any speed across a distance equal to the dark 
space in the normal discharge. In the abnormal discharge where the 
dark space is shorter and the potentials involved very much greater, 
the ionisation per unit path is only a very small fraction of its maxi¬ 
mum value, and the number of electrons liberated by one primary 
electron in the dark space is much less than one. 

These considerations show that a complete theory of ionisation 
by moving electrons must be a very complicated one and that the 
expression giving the ionisation in terms of the energy must also 
be complicated. 

We have no determination of the ionisation that would be pro¬ 
duced by radiation. Many experiments have been made on the 
number of electrons emitted by the impact of positive ions against 
metal. The results obtained by the earlier experimenters seemed to 
shut out the possibility of this being responsible for the regenera¬ 
tive action required in the dark space. Thus Baerwald^ found that 
no appreciable emission occurred until the energy of the positive 
ions exceeded 900 volts, energy not attainable in the dark space of 
a normal discharge. Later experiments have shown that emission 
takes place with voltages very much less than this; thus Horton and 
Davis detected the emission of electrons from a metal plate struck 
by helium atoms with only 10 volts energy. The most complete 
investigation on this point is that by Oliphant^, whose results are 
expressed by the graphs in Fig. 118. It will be seen from these that 
positive ions of helium, neon and argon eject electrons with a 
facility which does not depend upon the energy of the ion when 
that is low. As the energy reaches values comparable with 600 volts 
the emission increases rapidly with the energy of the ions. The 
ordinate in these graphs is the reciprocal of the number of positive 
ions required to eject one electron. This, on our theory, should be 

1 Baerwald, Ann. d. Phys. xli. p. 643, 1913; see also Chap, v, p. 202. 

2 Oliphant, Proc. Poy. Soc. cxxvii. p, 373, 1930; cxxxii. p. 632, 1931. 


the normal discharge. Owing 
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the number of ions, including secondaries, produced by the passage 
of an electron across the dark space. 

The results given by Compton and Van Voorhis and Smith show 
how the direct ionisation varies with the energy of the electron ; in 
considering the ionisation in the dark space produced directly by the 
electrons starting from the cathode we want to know how it varies 
with the distance from the cathode, in fact we want a graph where 
the ordinates represent the amount of ionisation at a point and the 
abscissae are the distances of the point from the cathode. Since the 
energy of the electron at any point is measured by the potential 
difference between the point and the cathode, if we know the 
connection between this potential difference and the distance of 
the point from the cathode we can construct the second graph from 
the first. 

Assuming Aston’s law, V, the potential at a point distant x from 
the cathode, is given by the equation 

V X (2d — x) 

F„= - cP- .(1)> 

where Fq is the cathode fall of potential and d the thickness of the 
dark space. If we put V/V^ = t], xjd = the equation becomes 

all s.„.. 1 « (2 - f). 

When the graph of ionisation and x has been drawn, we can 
find the ionisation in the dark space by quadratures. For some 
gases the shape of the graph is 
such that an approximate value 
can be obtained by a method 
which is much less laborious. 

Fig. 122 is the graph drawn 
from Compton and Van Voor¬ 
his’^ experiments on helium and 
covers the range of potential in 
the dark space. We see that the 
graph can be represented ap- 

proximately by the two dotted straight lines AP and PG, where G 
is the anode, A is the point where the potential is K, the ionising 

I Loc. cit. antCt p. i>4. 
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potential of the gas, and P the point where the ionisation—if this 
continued to be proportional to the horizontal distance from A — 
would equal the maximum ionisation. If 6 is the inclination of this 
line AP to the axis of x, then /, the ionisation at a point distant x 
from the cathode, is, if Xq is the co-ordinate of A, 


(x ~~ Xq) tan 6, 

and Xy, the co-ordinate of P, is determined by 

(Xy — Xq) tan^ = 

where = maximum ionisation. 

The ionisation represented by the dotted horizontal line starting 
from P is constant and equal to , the maximum ionisation. 

The total ionisation between A and P is 




the ionisation from P to the anode is 


Jj„ {d ^i)> 

where d is the thickness of the dark space; thus the total ionisation 
is - i{xy-h Xq)}. 

Here Xq = d$Q, where is the value of ^ corresponding to 77 = K/Vq 
in equation ( 1 ). 


We shall now calculate in this way the primary ionisation 
produced by an electron when it goes through the dark space. 


Suppose C is the cathode, the electron will not ionise until its 
energy is equal to K, the ionising potential of the gas; let A be the 
place where it acquires this energy. If Vq is the cathode fall of 
potential, d the thickness of the dark space, CA = Xq, we have, by 


equation ( 1 ), 




AVlien the electron gets past A it will begin to ionise according to 
the law C {V — K), (values of C for a pressure *01 mm. are given on 
p. 95 ), and will continue to do so until the ionisation reaches the 
maximum value Im- value of F, the potential in the gas 

when it reaches this value, is 
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where can be found from the experimental results (see p. 93). 
If P is the point where the potential has this value and CP = , 

we have 

/l + 

d \J Vo ' 

Let us calculate on these lines the number of ions produced by 
an electron moving through the cathode dark space in helium at a 
pressure of 1 mm. 

From Smith’s experiments {loc. cit.) 

Im = 1*25, C = 0-044, IJC = 28-4, 

/i' = 24-5, Fo=153, d=l-Z2. 

These values are for aluminium electrodes. 

Using these values we find 

Xq = 0*109, = 0*25. 

The number of ions produced between A and P is 0-087. Between 
P and the anode the distance is 1*07 and in this range the ionisation 
is at its maximum, 1*25 per cm., so that the ionisation produced by 
one electron in its passage through the dark space is 

0-087 + 1*25 X 1-07 = 1-42 ions. 

The average distance from the cathode traversed by an electron 

before it produces an ion isverynearly 1 cm. The ionisation in Smith’s 

experiments was measured at pressures so low that an electron 

ejected at a collison, whatever energy it might possess, could not 

ionise before it reached the walls of the tube in which the gas was 

confined. In ordinary cases of the normal discharge the pressure is 

too high for this to be true and we ought to include the ionisation 

produced in the indirect way. The correction for this is given 

on p. 308; the number in the fourth column of the table gives the 

factor by which the figures derived from Smith’s results have to be 

multiplied. Smith gives the maximum number of electrons ejected 

per unit path by one electron as 1-25; to apply the correction we 

need to know the ratio n of the energy of the electron to that 
required for ionisation. 

Assuming Aston s law, the mean energy of the electrons in their 
path through the dark space 
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For helium Vq = 153, so that the mean energy = 102 volts, 
about 4:K; hence from the table the correcting factor is 1*44. 
Smith’s value of was 1*25, so that the corrected value = 1*8 and 
the total ionisation = 1*42 x 1*44= 2*05. 

Secondary Ionisation of another kind. 

In the dark space there is another source of secondary ionisation 
besides the one just considered. When an atom is ionised, the new 
electron is at once exposed to the force in the dark space, and may 
acquire enough energy to ionise on its own account. We can esti¬ 
mate the ionisation produced in this way as follows. In the diagram 
C is the cathode, A the place where an electron starting from the 

^ I-1-1-1-1-1 I— 

C A P Az P2 N 

Fig. 123. 

cathode begins to ionise, P the place where it acquires maximum 
ionisation. We have seen CA = 0*11, CP = 0-25; the potential in 
the tube at a distance 0*25 from the cathode, as calculated from 
Aston’s law, is 55*8 volts, and the potential difference between A 
and P is 31*3 volts. 

Consider first the secondary electrons produced between A and 
P; their number, as we have seen, = 0*087. On the average they 
start from a point whose distance from A is two-thirds of AP and 
where the potential is 43*4 from Aston’s law, so that when they 
arrive at P they have an energy of 12*4 volts; they require 12*1 
more volts before they begin to ionise and they get this when they 
reach the point where the potential at is (55*8 -i- 12*1), i.e. 68, 
and its distance from C is *34; they require another 31-3 volts before 
they attain their maximum ionisation at P^, whose potential is 
99*3, and CP, = *59. 

The average energy of these electrons is § (153 — 43*4), or 
about 70 volts; this is nearly S/f, so that from p. 308 we may 
take the maximum ionisation as 1*25 x 1*24 = 1-55. The number 
of ions liberated between Aj^ and P, = l-A^P^ x 1*55 = *19, and 
the number between P, and the rest of the dark space 

= 1-55 X (1*32 - *59) = 1*12, 
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or a total 1*31. This is the number per electron, and as there were 
•087 electrons the ionisation is •114. 

Consider the secondary ionisation produced by the electrons 
liberated between P and the end of the dark space. Those liberated 
at a distance greater than •S from the cathode will fall through a 
potential difference less than K and so will not ionise at all. The 
point where an electron starting from P begins to ionise, is such 
that CA 2 — *41. At the point P^ , where the ionisation is a maximum, 

CP 2 = -644. 

Hence if /„j is the maximum ionisation, the ionisation per 
electron = J /„» ^ 2^2 + (1*32 — *644) = •8/,„. 

The ionisation by an electron starting from N where CN is *8 
is 0, so that the mean ionisation for electrons starting between P 
and N = •4/„j. 

The mean energy of electrons starting farther from the cathode 
is § (163 — 55-8), or 65 volts. This is not quite ZK^ hence we must 
take a smaller coefficient than 1*24, say 1-1, so that 

/„ = 1-25 X 1-1 = 1-37. 

The number of electrons ejected between P and N is 

1-8 X (-8 — -25) = 1 approximately, 
so that the secondary ionisation is 

•4 X 1 X 1*37 = -548. 

In a similar manner we could calculate the tertiary ionisation due 
to these secondary electrons, but it is small enough to be neglected. 
Thus the total ionisation, primary and secondary, 

= 2-05 4- *11 + *55 = 2-71. 

Thus one electron going through the dark space would produce 
2-71 positive ions, so that 2-71 positive ions ought to emit 1 elec¬ 
tron when they strike against the cathode. Oliphant’s number for 
helium is 3-3. 

Compton and Van Voorhis give a higher value for the maximum 
ionisation than Smith, viz. 1-8 instead of 1-25. If this value is taken 
the value of the total ionLsation in the dark space would be in¬ 
creased in a slightly greater ratio than 1-8 to 1-25, greater because 
in the secondary ionisation the number of ions increases as the 
square of the maximum ionisation and not as the first power, as in 
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the primary ionisation. With Compton’s value of the number of 
ions produced by one electron going through the dart space would 
be 4-1. This is greater than is required by Oliphant’s experiments. 
This investigation, in our opinion, supports the view that the ionisa¬ 
tion by moving electrons and the ejection of electrons from the 
cathode by positive ions are the most important agents in the self- 
sustaining discharge. 

These numbers indicate that in the normal discharge the 
ionisation by electrons in the dark space can supply sufficient 
positive ions to liberate electrons from the cathode without re¬ 
quiring any to diffuse from the negative glow, 

A calculation on similar lines for neon, taking K = 21*5, 
^^0 ~ 145, d = *637, for aluminium electrodes, and Compton’s values 
C = *037, /„j = 3-5, gives: 

Number of ions produced by primary ionisation = 2*27, 

»» „ „ ,, secondary „ = 0-4. 

Thus an electron produces 2*67 ions when crossing the dark space. 
Oliphant finds a much smaller value, 1*1 ion per electron, while 
Giintherschulze* in neon, found that it required 7 ions with 300 volts 
energy to liberate one electron. 

The results we have obtained show that the number of ions 
produced when an electron passes through the cathode dark space 
is a large fraction of the number which would be produced if the 
electron were ionising at its maximum rate from start to finish. 
This number for helium is 1*32 x 1-25 = 1*65, the number actually 
produced by primary ionisation is 1*42, about 86 per cent. 

The maximum number of primary ions which an electron could 
produce in passing across the dark space in different gases is given 
in the following table, where the first column contains the name of 
the gas, the second the dark space in cm. with aluminium electrodes, 
the third the maximum ionisation given by Compton and the fourth 
the product of these two: 


He 

1-32 

1-8 

2-38 

Ne 

•637 

3*5 

2-23 

Ar 

•285 

11*2 

3-19 

Ho 

•724 

3-8 

2*75 

N. 

•305 

10 

3-05 


I Giintherschulze, Zclts. f. Phya. Ixii. p. 600, 1930. 
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Discharge in Mercury Vapour. 

In helium the primary ionisation, i.e. that produced by the 
electrons ejected from the cathode, is greater than the secondary 
ionisation due to the electrons produced by the ionisation of the 
helium. This is owing to the cathode fall of potential being only 
5-5 times the ionisation potential, so that the electrons have to 
acquire a considerable fraction of their final energy before they 
begin to ionise. The maximum ionisation in helium due to elec¬ 
tronic collisions is, at a pressure of 1 mm. of Hg, about 1-8 electrons 
per centimetre, which is smaller than for most gases. The result is 
that to produce another electron by collision the electron has to go 
through a distance which is a very considerable fraction of the 
thickness of the dark space. The total secondary ionisation increases 
as where A is the distance an electron has to travel to produce 
another electron and d the thickness of the dark space. When djX 
is considerable, the secondary ionisation will far exceed the primary. 
Mercury vapour is a gas where the conditions are such that the 
value of djX is large. In the first place the cathode fall of potential, 
about 400 volts, is exceptionally large in comparison with the 
ionisation potential, which is only 10 volts. Again, the maximum 
ionisation is very high, 22 per cm. at 1 mm. pressure; this will be 
less than the actual value in the discharge tube, for it was deduced 
from experiments made at such a low pressure that none of the 
energy possessed by an electron when ejected from a molecule 
could be used for ionisation (see p. 92). Again, tlie increase of 
ionisation with the energy of the ionising electron is very steep, so 
that the maximum ionisation is attained for moderate values of the 
energy. The small value of the ionising potential shortens the 
range over wliich the electron is not producing any ionisation. It 
will not, we think, be far from the truth to suppose that an electron 
is ionising at the rate of 22 ions per cm. over the whole of its path, 
so that A = 1/22; d at 1 mm. pressure is 0-4, so that djX = 8*8, and 
therefore = 0637. So that if it required 6G00 positive ions to 
strike against the cathode to eject one electron, the supply of posi¬ 
tive ions would be sufficient to maintain the discharge. Neither 
bangmuir nor Oliphant could detect any emission at all by the 
impact of positive ions; this is not to be wondered at, if the 
emission is on the scale suggested by these figures. 
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Chaudliri^ has shown quite recently that the impact of Hg^ ions 
with energies less than 600 volts gave an electron emission of the 
order of 1-5 per cent., rising to about 15*2 per cent, at 2000 volts. 
This was for unheated tungsten targets, for degassed targets the 
emission was only 2-3 per cent, at 2000 volts. 


In mercury vapour the ionisation increases rapidly towards the 
boundary of the dark space and the negative glow, while in the 
ordinary gases it seems to be fairly constant throughout the dark 
space. This concentration of ionisation would alter the law of 
distribution of force in the dark space, it would make that law 
approximate to that in the ordinary space-charge, where the con¬ 
ditions are the same as if all the ionisation took place at the boun¬ 
dary. The force in this case varies as whereas in ordinary gases 
it is directly proportional to x, where x is the distance of the point 
from the boundary of the dark space or from the surface emitting 
the space-charge. An investigation of the distribution of the electric 
force in mercury vapour might have interesting results. 


The ratio of the number of electrons emitted to the number of 
positive ions which produce the emission is the ratio of the fraction 
of the current which is carried at the cathode by electrons to that 
carried by positive ions. Guntherschulze and Oliphant {loc. cit.) have 
measured the fraction of the current by the positive ions by using 
a hollow tube filled with some liquid as the cathode, and deter¬ 
mined by calorimetric methods the energy given up per unit time 
to the cathode by the positive ions striking against it. If the 
mechanical equivalent of the heat received by the calorimeter per 
second be H and Vq the potential fall, ip the current carried by the 
positive ions, then if all the positive ions were to start from the end 
of the dark space 

H = i^Vo .( 1 ); 


the total current, i, through the tube can be measured and the ratio 
of iji determined. On the view we have taken that the positive 
ions are produced by ionisation in the dark space, (1) will give too 
small a value for ip as the average fall of potential of the ions will 
be less than the cathode fall of potential. 

Giintherschulze comes to the conclusion that about 80 per 
I Chaudhri, Proc. Camb. Phil. Soc. xxviii. p. 349, 1932. 
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cent, of the energy put into the discharge tube is spent in heating 
the cathode, and he emphasises the importance of using large 
cathodes so as to prevent them from getting so hot that they pro¬ 
duce an appreciable change in the density of the gas in their 
neighbourhood. 

On the view given above the electrons coming from the cathode 
and the positive ions in the gas are mutually dependent, the positive 
ions producing the electrons and the electrons the positive ions. 
The two streams, positive ions in one direction, electrons in the 
opposite, are inseparably connected and if one disappears the other 
must disappear also. 

This mutual dependence is shown in a very beautiful way in 
some experiments made by Schuster* and Wehnelt^ on the effect 
of placing solid obstacles in the Crookes dark space, they cast a 
shadow on the cathode from which there is no emission of cathode 
rays. This effect is illustrated in Fig. 124 taken from WehnelCs 
paper. D is the obstacle, K the cathode. It will be noticed that 
the shadow is larger than the obstacle. 



Fig. 124. 

There is an interesting consequence of the theory we are dis¬ 
cussing which IS verified by experience. An electron has to produce 
in the length of the dark space just enough positive ions to 
liberate by their impact against the cathode one electron. Con¬ 
sider a discharge passing between two electrodes separated by a 

1 Schuster, Proc. Poy. Soc. xlvii. p. 5.57, ISUO. 

2 Wehnelt, Wied. Atm. Ixvii. p. 421, 1891). 
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shorter distance than the length of the dark space. An electron 
passing from one electrode to another cannot make as many 
collisions and therefore cannot liberate as many positive ions as 
one passing across the dark space, but to keep the discharge going 
the positive ions it does liberate must be sufficient to liberate one 
electron. Since the number of the ions is less, each individual ion, 
when it strikes against the cathode, must liberate more electrons 
than one from the normal dark space. It must therefore have 
greater energy when it strikes against the cathode, and therefore 
must have fallen through a greater potential difference. Thus the 
potential difference required to maintain the discharge will increase 
when the distance between the electrodes diminishes. There is, 
however, more in it than this. Oliphant’s experiments show (see 
Fig. 118) that the power of ions to liberate electrons hardly changes 
at all with their energy, when that is of the order of 300 or 400 volts. 
The curves show that to get an appreciable increase in this power 
it is necessary to go to voltages of 600 volts or over. Thus the poten¬ 
tial difference required to produce a discharge may increase by 
hundreds of volts when the distance between the electrodes changes 
from being just greater than the thickness of the dark space to being 
just less; this is a result which can very easily be verified. A discharge 
between two electrodes, one of which can be moved towards or 
from the other so as to make the distance between them nearly 
equal to the dark space, is a very sensitive and convenient way of 
studying the influence of changes in the conditions on the passage of 
the discharge. For example, if the electrodes though of the same 
size are made of different metals, say one is aluminium and the 
other is iron, then through a considerable range of distances the 
discharge will pass freely when the aluminium electrode is cathode 
but will not pass at all when it is anode. Indeed, it is almost im¬ 
possible to get two electrodes, even though made of the same metal 
and exposed to the same treatment, so symmetrical that for all 
distances between the electrodes the discharge will pass either way. 
This is in accordance with Oliphant’s observation that the emission 
of electrons by the impact of positive ions on a metal is greatly 
influenced by the state of the surface, and that films of gas or 
traces of dirt facilitate it to a very marked extent, AVhen the dis¬ 
tance between the electrodes is nearly equal to the thickness of the 
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dark space the current will often pass when the potential difference 
is first applied and then slowly get fainter and fainter and finally 
stop altogether; it generally reappears after the tube has had a rest. 
The tube when in this state may be made so sensitive that the 
electrostatic effect produced by the approach of a finger will stop or 
start the discharge. 


When the time the current lasts and the time of rest required to 
restore the electrodes to the state in whicli the current can begin 
again are not too short, the tube ‘throbs,* i.e. it is luminous for a 
time, then goes out, then becomes luminous again and may go on 

doing this for a long time. The subject of oscUlations in the 
discharge is discussed on p. 454, 


Ionisation by electronic collisions is well established by experi¬ 
ments and we know with some accuracy its magnitude for several 
gases. The liberation of electrons by the impact of positive ions is 
also well established and measurements have been made of its 
amount. We have seen in the cases of the gases helium and neon, 
that the electron m its passage through the dark space produces 
enough positive ions to liberate one electron when they strike against 
the cathode. If this is generally true, important results follow. 
If in the dark space one electron produces a positive ions, then at 
the cathode «/(! a) of the total current is carried by positive ions 
and 1/(1 -f- a) by electrons, and at the end of the dark space all the 
current is carried by electrons. There is no room for other sources 
of mnisation producing effects much greater in magnitude than 
ionisation by collision, and no room for any large part of the current 
to be carried by ions which have not been made in the dark space 
Itself but have drifted into it from outside. It is often supposed 
that the mam supply of positive ions comes from the negative glow 
There is, however, as far as we are aware, no direct evidence of this 
I here is no reason why the density of the positive ions sliould 
increase greatly on crossing the boundary of the dark space The 
ionisation does not increase, and since the positive ions in the glow 
are accompanied by an equal number of electrons there will be 
vastly more loss of positive ions by recombination in the negative 
glow than in the dark space. Thus the density of the positive ions 
the negative glow may be expected to be smaller than in the 


2 J 


T C K 11 
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dark space, so that diffusioa currents would tend to make the 
positive ions go into the negative glow rather than into the dark 
space. Nor can the very small electric force in the negative glow be 
sufficient to cause a transference of positive ions across the boun¬ 
dary of the dark space comparable with the current. For, since 
in the negative glow there are as many electrons as positive ions, 
and the velocity acquired by an electron under a small force is 
enormously greater than that acquired by a positive ion, the flow 
of positive ions across the boundary must be an exceedingly small 
fraction of the total current. We have seen, however, that the flow 
of those positive ions which are produced inside the dark space 
constitutes the greater part of the current and so must be large com¬ 
pared with the flow coming from the negative glow. We have seen 
too that if a large part of the ions came from the negative glow the 
distribution of the electric force would not be that found by ex¬ 
periment. 

There is one point, however, connected with the ionisation in the 
dark space which is not clear. The difficulty does not a-pply to this 
particular theory alone but to any theory. The laws of ionisation by 
collisions and the magnitude of this efiect as measured by Compton 
and Van Voorhisand Smith require that electrons should be produced 
by collision at different portions of the dark space, and that these 
should emerge from the dark space with different velocities. Thus if 
a thin pencil of these electrons producing a well-defined spot on a 
photographic plate were acted upon by a magnet, the spot would be 
drawn out into a band. Thus in the case discussed on p. 315, where 
the primary electron, the one moving with the greatest velocity, 
produced three other electrons, the greater part of the pencil of 
electrons would have velocities considerably less than the one with 
the maximum velocity, and the bright spot would be drawn out into 
a band whose length is much greater than its diameter. This effect 
lias to our knowledge never been observed. The experiment has 
usually been tried when the discharge was abnormal and the 
cathode fall of potential very much greater than with the normal 
discharge. The ionisation produced by an electron per unit path 
falls off very rapidly when the energy is large, diminishing ulti¬ 
mately as V~^ log F, where V is the energy expressed in volts, 
whereas in the normal discharge the electron has its maximum 
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ionising power. Again, the thickness of the dark space is less in the 
abnormal discharge than the normal; these considerations may 
very well reduce the chance of an electron ionising when crossing the 
dark space to a very small fraction, and the spot would not then be 
drawn out appreciably by a magnet. An experiment to test this 
point was made using plate electrodes and the smallest voltage 
(800) which would give a spot bright enough to be measured, but 
no appreciable broadening of the spot by a magnetic field could be 
detected; this may perhaps be explained by the luminosity pro¬ 
duced on the willemite screen decreasing rapidly in intensity with 
the energy of the electron when this energy is small. 

In many experiments made on the deflection of cathode rays 
the cathode is concave and not plane; the cathode rays starting 
from a cathode of this kind will be brought to a focus as is shown in 
6 , p. 14, from a paper by Campbell Swinton^. 

Near this focus the ionisation will be much greater than at any 
other part of the field, so that the great majority of the positive 
ions will come from this part of the field and will fall through the 
same potential. The intense ionisation will diminish very greatly 
the intensity of the electric field in places more remote from the 
cathode, so that the space near the focus will correspond to the 
boundary of the dark space with plane electrodes. The secondary 
electrons produced in this case will only fall through a small dif¬ 
ference of potential, a difference of quite a different order from that 
fallen through by the primary rays; these slow electrons will lose 
their energy by producing luminosity in the negative glow, and the 
only electrons which escape to any considerable distance will be 
those which have fallen through the whole potential difference in 

the dark space and will thus form a homogeneous pencil, which is 
in accordance witli observation^. 


Cathode Fall of Potential. 

It was realised at an early stage that the cathode fall of potential 
was not dependent on the gas alone. 

The electric field m the neighbourhood of the cathode has been 

I Campbell Swinton. Proc. Roy. Soc. Ixi. p. 79, 1897. 

a cathode on localisation of the ionisation see 

P* per y F. VV. Aston, Proc. Camb. Phil. Soc. xix. p. 317, 1919. 
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the subject of many researches. Hittorf ^ showed that the potential 
difiEerence between the cathode and a point in the negative glow was 
independent of the current, provided this was not great enough to 
cause the negative glow to enclose the whole of the cathode. When 
that stage was reached the potential between the cathode and the 
glow increased with the current. Thus if the cathode is a wire, 
then when the current is small the negative glow only surrounds 
the tip of the wire; as the current is increased the negative glow 
encloses more and more of the wire, but it is not imtil the glow 
reaches the end of the cathode that the difference of potential 
between the cathode and the glow begins to be affected by the 
current. This difference of potential is called the ‘cathode fall of 
potential.’ Warburg^ showed that it was independent of the pres¬ 
sure of the gas, and that the potential fall was practically the same 
whether platinum, zinc, copper, silver or iron electrodes were 
used; it was, however, considerably less when the electrodes were 
made of aluminium or magnesium. Mey3 has shown that the 
cathode fall of potential depends more than had been supposed 
on the nature of the cathode, and that it falls to comparatively 
low values for the strongly electro-positive alkali metals (see 
also Lyman, Ptoc. Cdfnb. Phil, Soc. xii. p. 45, 1902). With zinc, 
copper and iron electrodes the cathode fall of potential is often 
abnormally small when the electrodes are new; it rises, however, to 
its normal value after the electrodes have been used for some time. 
W^arburg ascribes this effect to the presence of a thin layer of oxide 
on the new electrode, which gets removed in course of time by the 
disintegration which occurs when the metal is used as a cathode. 
Hittorf 4 discovered that the cathode fall became exceedingly small 
when the cathode was raised to a red heat. Goldstein S and Warburg 
(loc. cit.) found that the diminution in the cathode fall became much 
less when the heating was continued for a long time. It is worthy of 
remark in this connection that the emission of negative electricity 
from an incandescent wire often falls off very considerably after 
long-continued heating. Warburg found that a trace of impurity in 

1 Hittorf, Wicd. Ann. xx. p. 705, 1883. 

2 Warburg, Wicd, Ann. xxxi. p. 545, 1887; xl. p. 1, 1890. 

3 JVIey, VerJiand. Dtutschen physikalischen Qescllscluift, v. p. 72, 1903. 

4 Hittorf, Wied, Ann. xxi. p. 133, 1884. 

5 Goldstein, ^Yi(id. Anyi. xxiv. p. 91, 1885. 
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the gas produced surprisingly large effects on the cathode fall of 
potential. Thus he found that the cathode fall in nitrogen which 
contained traces of moisture and oxygen was, with a platinum 
cathode, 260 volts, while the same nitrogen, after being very care¬ 
fully dried, gave a cathode fall of 343 volts; thus a mere trace of 
moisture had diminished the cathode fall by 25 per cent. As long 
as the total quantity of water vapour is small, the lowering of the 
cathode fall does not seem to depend much upon the amount of 
aqueous vapour present; when, however, there is much water 
vapour present the fall is greater than in pure nitrogen. Thus in 
a mixture of aqueous vapour and nitrogen in which the pressure 
due to the aqueous vapour was 2-3 mm., that due to the nitrogen 
3*9 mm., the cathode fall was 396 as agfiinst 343 in nitrogen with 
a trace of oxygen; the increase in the cathode fall was, however, 
not nearly so great as that in the potential differences along the 
positive column. In hydrogen Warburg found that a trace of 
aqueous vapour increased the cathode fall of potential. 

Warburg^ also investigated the effect of removing from the 
gas all traces of oxygen. This was done by depositing on the 
inside of tlie tube a thin layer of sodium, the layer was formed by 
placing the tube in sodium amalgam, heating the glass and sending 
a current of electricity from the amalgam through the liot glass to 
an electrode inside the tube: the sodium thus deposited combined 
with any oxygen there miglit be in the tube. The removal of the 
oxygen produced a very great effect on tlie potential fall; thus in 
nitrogen with platinum electrodes the cathode fall was reduced by 
the removal of a trace of oxygen from 343 to 232 volts, while with 
magnesium electrodes the cathode fall when tliere was no oxygen 
was 207 volts. In hydrogen free from oxygen the cathode fall was 
300 with platinum electrodes and 168 with magnesium electrodes; 
tlius with platinum electrodes the cathode fall is greater in hydrogen 
than in nitrogen, while with magnesium electrodes it is less. 

The effect of small quantities of impurities on the cathode fall 
is illustrated by the experiments of Giintherschulze^ on the cathode 
fall in mixtures of two gases. The results of these are shown in 

1 Warburg, Wied. Ann. xl. p. 1, 1890. 

2 Guntberschulze, f. Phtjs. xxi. p. 50, 1924. 
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Fig. 125. It will be noticed that for the mixture of Hg and O the 
first trace of oxygen increased the cathode fall considerably, while 
larger quantities diminished it. The researches of Oliphant on the 



effect of gas on the surface of metals on the emission of electrons 
by bombardment with positive ions, and thus indirectly on the 
cathode fall, make us expect that the effect of gas, by producing 
gaseous films or by chemical action on the surface, should be at least 
as great as those which have been observed. 

We have on p. 313 supposed that the cathode fall of potential 
was given, and deduced from it the number of ions produced when 
an electron starts from the cathode and passes through the dark 
space. We might, however, suppose the process reversed and, 
knowing from experiments on the emission of electrons by the 
impact of positive ions the number of electrons produced by an 
electron passing through the dark space, find the value of the cathode 
fall of potential which would give this number. If we had a simple 
algebraical expression for the relation between the energy of an 
electron and the ionisation it produces, and also knew the distri¬ 
bution of electric forces in the dark space, we could find an expres¬ 
sion in terms of F, the cathode fall of potential, for the number of 
ions produced by an electron in the cathode dark space; equating 
this to the required number, we should be able to determine F. 
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An accurate solution would be very difficult, but a very rough 
solution might be sufficient to enable us to determine the physical 
quantities which are likely to influence the value of V. 


We can find as follows the distance an electron starting from 
rest would have to travel to produce another electron and positive 
ion. Using the notation of p. 312, the electron first passes through 
a distance Xq without producing any ionisation, then through a dis¬ 
tance (cci — Xq) producing ionisation 

^ (^1 ^ o ) > 

and afterwards ionising at the rate . If it has to go through a 
further distance ^ to produce one electron, then 

i- “ ^o) /m + /„. f = 1, 

and A, the total distance travelled, is 


thus 


i {^1 - + /« (A - X^) = 1, 


or 


^ 1 1 / 
^ ^ y- + 2 


m 


When Xff and are small compared with rf, the thickness of the 
dark space, by p. 312 




2 \V ^ CVj- 


The values of and Xq will increase with the distance from the 
cathode, so that A will change along the dark space; neglecting 
this variation 





m 


2FC 


) 


d 



The number of ions produced in the cathode dark space by one 
electron coming from the cathode is now 

f/ 

- 1 . 


Equating this to cr, the 
we get 


number of ions required to eject one electron, 

d 



- 1 = < 7 , 

= log (<T ^ 1). 
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This gives djX, From (1), we get 


_ 1 = J_ . 1 4- 

log (a + 1) I^d 2\V~^ 2VCj 



Since varies directly and d inversely with the pressure, Ifn<^ 
does not depend upon the pressure, and as O like is proportional 
to the pressure, will be independent of the pressure, and 

therefore from (2) V will be so too. 


By the definition of C, C (K) — ionisation per unit length by an 
electron whose energy is 2K; we shall call this /g, and we get 

log(a+l) /^d^2V"^[^^2/J‘ 

Thus V depends (1) upon o-, which varies both with the gas and the 
metal; (2) upon the maximum number of primary electrons 

that can be produced by one electron going through the dark space; 
(3) upon Ijn/Izy which depends on the shape of the graph connecting 
ionisation with energy, and finally (4) upon Ky the ionisation 
potential of the gas. 

The expression for V must be regarded as indicating the 
physical qualities on which it depends rather than accurately giving 
its numerical value. 


In the following table the values V/K are given for a number of 
gases, and also n the number of ions produced by an electron 
travelling through the dark space calculated by the method used 
for helium on p. 31. 


Gas 

1 

1 

VjK 

n 

( 

He 

153/24-5 = 6-25 

2-71 

No 

145/21-5 = 6-7 

2-67 

Ar 

150/15-7 = 9-5 

10-7 

; 

192/15-8 = 12-1 

9-32 

No 1 

1 

215/16-3 = 13-2 

8 


For the most part large values of n and V/K occur together. 
The curve representing the connection between ionisation and 
energy for argon has not nearly so flat a maximum as that for the 
other inert gases, so that the method used to represent it is not so 
close an approximation. 
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Connection between Cathode Fall and the Work required 
to Liberate an Electron from the Metal. 

The work required to extract an electron from a metal depends 
upon the metal, its value <f> expressed in volts can be determined 
from thermionic data. We should expect that to eject an electron 
from a metal where <fy is large would require the impact of more 
positive ions than for one where is small. More positive ions 
require more ionisation and therefore the expenditure of more 
energy by the ionising electron in the dark space; this on the view 
just given requires a greater potential fall. 

The following table gives the normal cathode fall of potential 
in volts in hydrogen for cathodes made of different metals. It is 
taken from a paper by Schaufilberger*. is the work required to 
extract an electrode from the metal, d is the thickness in cm. of 
the dark space in hydrogen at 1 mm. pressure, as found by Gunther- 
schulze^. 


Cathotie metal 

1 

' if 

1 

Cathode fall of 
jiotential 
volts 

volts 

-Mg 

-(>14 

247 

2-7 

Al 

1 diOO 

302 

30 

Be 


330 

3-7 

Ni 

i 803 

3.>3 


Fc 

•sso 

303 

3-7 

i Zn 

•SOT 

372 

3-4 i 

i Cd 

•S(59 

37.5 

, 3-7 1 

1 

•S03 

37.5 

4-0 

; h' 

- 

370 


I Co 

1 . 

381 


, Vh 

i -839 1 

302 

30 

Sn 

1 1 

303 

3-8 

Sh 

1 

30(> 

1 

- 1 

1 Au 1 


418 

% 

- 1 



421 

1 

' Pt 

l-((2(i 

42.5 1 

4-4 

Ag ! 


428 

4-1 

1 


Both the dark space and the cathode fall are influenced by 
accidental circumstances, such as gaseous layers on tlie surface of 

1 SclKiufilberger, Attn. <1. Phtjs. Ixxiii, p. 21, 102.3. 

2 Ctiintherschulze, Zeits. f. Phys. xxxiii. p. 810, 102.5; see also Aston, Proc. Roy, 
Soc. Ixxxvii. p. 437, 1912. 
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the electrode. Taking this into account, the table suggests that 
the order of the metals for the thickness of the dark space is the 
same as that for the cathode fall of potential, and for the value 
of <f>. This is what we should expect on the preceding theory; a 
high value of <f> means that it is difficult to extract an electron 
from the cathode, and that to extract one electron will require the 
impact of more positive ions than would be required for a metal 
with a smaller <f>. More positive ions means more work spent on 
ionisation and therefore a greater cathode fall. The cathode fall 
is a measure of the ionisation produced by an electron, and the 
amount of this per unit length depends on the gas but not directly 
on the metal of the cathode. It might be thought that if the metal 
influenced the cathode fall, it might indirectly by altering the 
electric field affect the ionisation per unit path, but in our calculation 
the ionisation is nearly the same as if the electron were ionising at 
its maximum rate through the whole of the dark space, and depends 
primarily on the length of path. So that if the ionisation by the 
electron is to increase substantially it must be by giving it a larger 
path, i.e, by increasing the thickness of the dark space. The increase 
in the ionisation will be roughly proportional to the increase in the 
thickness. It is noteworthy that for Al, Fe and Pt, the ratio of the 
thickness of the dark spaces is approximately the same as that of 
the cathode falls. 


Values of the cathode fall of potential in many gases are given 
in the table opposite taken from Gehlhoff’s article in Graetz, 
Handbucli der Elektricitdt, vol. iii. For reasons already given these 
values cannot be trusted to give in any special case anything but 
a rough approximation, for accurate work the value has to be 
measured and not taken from tables. 

The second table, for which we are indebted to Dr E. W. Pike, 
contains the results of recent experiments on the cathode fall of 
potential in the inert gases in which attention has been paid to 
degassing the electrodes; <f> in the table is the work required to 
extract an electron from the metal. 
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1 




i 

1 References 

Gas 

Metal 

V, 




volts 

1 

volts 

4 > 

1 



He 

AA^ 

190 

4-52 

1 

a 

Ne 

CsgO-Cs 

37 

1*6 

2 

2 

Ne 

Ni-O-Ba 

65 

1-3 

3 

3 

Ne 

K 

68 

2-2 

4 

b 

Ne 

Na 

74 

2-4 

5 

b 

Ne 

Mo 

115? 

4-4 • 

1 

6 

Ne 

AV 

125 

4*52 

1 

6 

Ne 

Pt 

152 

60? 

6 

6 

A 

Ni-O-Ba 

62 

1-3? 

' 3 

a 

A 

Cd 

123 1 

406 

7 

a 

A 

AA^ 

138 

4*52 

1 

a 

A 

Afi 

147 

4-73 

8 

a 

A 

K 

64(?) 

2-2 

4 

c 

1 


1 S. Dushman, Rev. Mod. Phys. ii. p. 394, 1930. 

2 Druyvester and Warmholtz, Zeits. f. Phya. Ixvlii. p. 378, 1931. 

3 T. E. Foulke (G.E. Co.). Unpublished. 

4 Lawrence and Linfold, Phya. Rev. xxxvi. p. 482, 1930. 

5 Ives and Olpin, Phys. Rev. xxxiv. p. 117, 1929. 

6 Du Bridge, Phys. Rev. xxxi. p. 236, 1928. 

7 Bomke, Ann. der Phys. x. p. 579, 1931. 

8 Winch, Phys. Rev, xxxvii. p. 1269, 1931. 
a E. AV. Pike. Unpublished. 

b A. H, Compton and C. C. van A^oorhis, Phys. Rev. xv. p. 492, 1920. 
c Gehlhoft', Verb. d. D. phys. Ges. xii. p. 411, 1910. 


Effect of Magnetic Force on the Dark Space. 

The amount of ionisation produced by the electron depends upon 
the length of its path in the dark space. When the path is a 
straight line at right angles to the face of the cathode this length 
is the thickness of the dark space measured along a normal to the 
cathode. If, however, the electron is deflected by magnetic force 
80 as to move in a curve instead of a straight line, the length of its 
path may be much greater than the thickness of the normal dark 
space, and thus the electron when it reaches the boundary will in 
consequence of its longer path have produced more ions than are 
required to maintain the discharge; for this a thinner dark space 
would suffice, and thus the thickness of the dark space is reduced 
by a magnetic force. 
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The motion of electrons under the combined action of an electric 
and transverse magnetic force is considered in Vol. i. p. 215, and 
though in that investigation the electric force is supposed to be 
constant, while in the dark space the force is not constant but equal 
to 2Fo (cf — where x is the distance from the cathode, d the 

dark space and Fq the cathode fall, the character of the effect is 
much the same. If X is the electric force in the dark space, H the 
transverse magnetic force parallel to the equations of motion of 
an electron are 




( 1 ), 


In the dark space 









Writing c for 2Fo/^Z^ the equations become 


d'^x , j , TT dy 

m , = c (d — x) e ~~ He j ~, 


dt^ 


dt 


^ dt^ dt’ 


dif 


if X and vanish together, as they will in the dark space, 


and therefore 


m = Hex, 


d^x { H^e^\ ■ 

m — + \ ce + — 




m 


^ X = cde, 


the solution of which, if both x and dx/dt vanish at the surface of the 
cathode, is 



cd 

c + dHejm 


(1 — cos <Jji)y 


where 


a>2 = (ce -H lHe^lm)jm. 


The maximum distance from the cathode reached by the 
electron is '2cdl(c + IHejm), and its path is a series of curves like 
those in Fig. 126. If the electron under the magnetic force passes 
out of the dark space, as it does when the boundary of the dark space 
is CD, its path in the dark space is increased in the proportion of 
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AP tod, but if it turns back before reaching the end EF of the dark 
space, its path in it will be the complete series of loops and may be 
a large multiple of d. 



Fig. 126. 


The condition that the electron does not cross the dark space is 

2cd 


c -h 


< d. 


or 


me 


m 


2Fo 

c, %.e> > ^2 . 


ejm = 1*8 X 10^, and if the cathode fall is measured in volts, 

Fo = Fo X 10«; 
hence we get 

Hd > 



When the magnetic force 
is less than that required to 
satisfy this condition it will 
have comparatively little effect, 
but as soon as it increases 
sufficiently to satisfy this re¬ 
lation there will be a great 
increase in the rate of diminu¬ 
tion of the dark space. Thus 
if we represent the relation 
between the dark space and 
the magnetic force by a graph, 
where the ordinates represent the thickness of the dark space, the 
abscissae the magnetic force and the thick curve the rectangular 
hyperbola 

xy=V\l To, 

the graphs will consist of the dotted portions, which are nearly 
horizontal, until these reach the hyperbola and will then coincide 
with the hyperbola. 


Fig. 127. 
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In some experiments which one of us made in the Cavendish 
Laboratory on the effects of a magnetic field on the length of the 
dark space in helium, it was found that the magnetic force produced 
little effect on the dark space until it reached a certain value, which 
diminished as the original thickness of the dark space increased; 
after this the dark space diminished rapidly, the value of H at the 
turning point being in fair accordance with that given by the above 
relation, taking as 153, the cathode fall in helium. 

Measurements of this effect of the magnetic held were hrst 
made by GUntherschulze^, who observed the diminution of the 
dark space to a small fraction of its normal value. His graphs are, 
however, hyperbolic along the whole of their course. 

He found, as Stark had found before, that the cathode fall of 
potential was not affected by the magnetic held, which is in agree¬ 
ment with the view we have just been considering. 


Radiation from the Dark Space. 

In spite of its name, the dark space gives out an appreciable 
amount of light; this is very apparent when, after taking pre¬ 
cautions to shield off the light coming from other parts of the dis¬ 
charge, the current is stopped suddenly. There is bright luminosity 
in the hrst negative layer, the glow which spreads over the surface 
of the cathode at a small distance from it, as well as considerable 
luminosity due to positive ions approaching the cathode. Thus 
when the cathode is perforated the colours produced by the posi¬ 
tive rays after they pass through the cathode can be traced up 
through the opening to some distance on the anode side of the 
cathode. 


A series of very interesting spectroscopic experiments on the 
light coming from the dark space has been made by Seeliger^ and 
his colleagues. They have measured the intensities of various lines 
in the spectra of hydrogen, oxygen and mercury, at different dis¬ 
tances from the cathode; the results for some hydrogen and two 
mercury lines are shown in Fig. 128, where the abscissa? are the dis¬ 
tances from the cathode and the ordinates the intensitv of the lines. 


1 CJuntherschuke, Zeits. f. Phy^. .\xiv. p. UO, 1024. 

2 yeeligerand Lindow, Phys. Zeiti. xxv. p. 337. 1024; x.xvi. p. 303, 1025; .4n«. d. 
Phy.i. Ixvii. p. 352, 1022. 
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It will be noticed that the lines can be traced from S, the bound¬ 
ary of the dark space, right up to the cathode. Visible light is, 
however, not the only radiation emitted by a gas through which an 
electric discharge is passing. E. Wiedemann^ showed long ago that 
rays which can excite thermoluminescence (‘Entladungstrahlen,’ 
he called them), are given out by electric 
sparks; the properties of these rays have 
been investigated by Hofimann^ and Miss 
Laird 3, J. J. Thomson 4 has shown that 
in the discharge at low pressures rays are 
emitted which have the power of ionising 
gases and that the intensity of these rays 
varies from one part of the discharge to 
another. One type of such radiation which 
can easily be observed occurs at compara¬ 
tively high pressures, say about 1 mm., 
and produces, when the tube is made of 
soft soda glass, an olive-green phosphor¬ 
escence on the walls of the tube quite 
different from that due to cathode rays; 
this radiation can be refracted, so that it 
is probably near enough to the visible spectrum to be regarded as 
a kind of ultra-violet light. 

J. J. Thomson, loc. cit., and DauvillierS have made experiments 
on the nature of the radiation given out by the discharge at low 
pressures; the former found that there were two types of radiation, 
the quanta in (1) having energies of the order of the potential 
difference between the electrodes of the tube; this, however, is only 
a small part of the radiation, by far the greater part (2) is of a much 
softer type, having quanta comparable with the ionisation and 
resonance potentials of the gas in the tube; some of it indeed is of 
so soft a type that it is absorbed by a layer of air a few centimetres 
thick at a pressure of *01 mm. The absorption of these rays is very 

1 E. Wiedemann, Zeit. f. Elektrockemie, p. 195, 1895. 

2 Hoffmann, Wied. Ann. lx. p. 269, 1897. 

3 IVIiss Laird, Ehys. Rev. xxix. p. 41, 1927; xxx. p. 293, 1928. 

4 J. J. Thomson, Proc. Camb. Phil. Soc. x. p. 74, 1899; xiv. p. 417, 1907; xv. 
p. 482, 1908; Phil. Mag. xlvii. p. 1, 1924; xlix. p. 761, 1925. 

5 Dauvillier, Phil. Mag. (7), ii. p. 1046, 1926. 
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selective; some of them are more absorbed by alumiaium than by 
gold. The amount of radiation of this type coming from various 
parts of the dark space and the negative glow was measured, and it 
was found that there was no abrupt change at the boundary of the 
dark space in oxygen, the gas in which the visible effect is most 
marked. When the thickness of the dark space was 3 cm., the 
emission was fairly uniform from 1 to 4 cm. from the cathode. 


The luminosity of the gas in electric discharges has often been 
attributed to the recombination of electrons and positive ions, and 
the feeble luminosity of the dark space ascribed to the paucity of 
electrons owing to the strong electric field in that region. There 
are, however, very serious objections to the view that luminosity 
is due to recombination; in the first place, the energy change is so 


great that unless it took place by steps, the energy liberated would 
be comparable to 15 volts and this would correspond to light far in 
the ultra-violet, and not visible light. Electrons whose energy is 
much less than that required to ionise the gas can certainly produce 
luminosity. Again, there does not seem to be any connection in the 
discharge tube between luminosity and recombination. Child^ 
showed that in the discharge through mercury vapour the places 
where the recombination is greatest are not those which are the 
most luminous. In the electrodeless discharge there can be very 
intense ionisation without the production of light. It may be 
granted that under certain conditions recombination of ions with 


electrons may give rise to visible light. Miss Dewey ^ found evidence 

of this in the negative glow of an arc in helium when there was a 

density of electrons of 10^^, for when this density was varied the 

intensity of the light increased as the square of the density of the 

electrons, as it ought to do if the light were due to recombination. 

The conditions here, however, are very different from those in the 

negative glow in the ordinary glow discharge, where the density of 

the electrons and therefore the rate of recombination were much 

less than in Miss Dewey’s experiments. Again, helium is a gas in 

which recombination might be expected to take place in two 

stagesowing to its comparative permanence when in the metastable 
state. 


TCE 11 


Z Child. Pht/s. Rev. .w. p. 30, 1020. 

2 Miss Dowty, Phys. Per. xxxii. p. 918, 1928. 


22 
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Compton, Turner and McCurdy* have measured the density of 
the electrons at various parts of the discharge using Langmuir's 
probe method (see p. 350). The results are shown in Fig. 129. It 



Fig. 129. 

will be seen that the density of the electrons in the negative glow is 
a hundred-fold that in the positive column, so that the brightness 
of the light, if it were due to recombination, would be ten thousand 
times greater in the negative glow than in the positive column, 
as a matter of fact the light in the positive column is more intense 

than that in the negative glow. 

We are inclined to take the view that the luminosity in the 
normal glow discharge is due to ‘ excitation' by collisions between 
electrons and the molecules of the gas and not to the recombination 
of electrons and positive ions, and to attribute the quenching of the 
light in the cathode dark space, not to the prevention of recombina¬ 
tion by the strong electric field, but rather to the fact that the 
excitation of luminosity by the impact of electrons is not in general 
appreciable unless the energy of the electron is withm narrow 

limits. 

For in the ionisation of a gas by electronic coUisions the varia¬ 
tion of the ionisation with the energy of the electron has, as we 
have seen, a very flat maximum, so that a change of 100 volts or 
more may make little difference to this power of the electron. The 
‘excitation’ of the atom® seems on the other hand to have a very 

1 Compton, Turner and McCurdy, Phys. Rev. xxiv. p. 597, 1924. 

2 K. T. Compton and F. L. Mohler, Bulletin of the National Research Council, 
ix. p. 52, 1924; Handbuch der Physik^ xxii. p. 273. Seeliger, Phys, Zeiis. xxx. p. 329, 
1929. Also Chap. iii. p. 105. 
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sharp maximum, and the change of a few volts in the energy makes 
a great difference in the magnitude of this effect; the energy of the 
luminiferous electrons must therefore be within a few volts of the 
resonance potential. Thus in the journey of an electron through 
the dark space, the fact that its energy is increasing all the way 
makes little difference to its ionising power, which, as we have seen, 
remains at the maximum through a large fraction of the path. 
Suppose, however, that the power of the electron to produce 
excitation and luminosity only extended to values of energy 
differing by a few volts. In the dark space a difference of potential 
of that amount would occur in a very small fraction of its thickness, 
and it would only be when the collision occurred in this small 
fraction that it would give rise to luminosity. The same thing 
applies to the secondary electrons liberated by the primary ones 
which come from the cathode. They would in a very short space 
acquire so much energy that they would be very ineffective in 
producing excitation. The case would be quite different in a 
region where there was no electric force. For though a high-speed 
electron from the cathode coming into that region would not be 
able to produce appreciable luminosity until its energy had been 
reduced by repeated collisions to a low value, yet the secondary 
electrons it produces would, if they had energy within the effective 
range of the ‘excitation* energy, not be taken out of this state 
immediately by the forces in the electric field, but would remain in 
it long enough to have a good chance of exciting luminosity. 

In the absence of an electric field when the pressure is not too 
low, electrons with energies amounting to hundreds of volts can 
give rise to luminosity. This can be well shown by using a small 
hot cathode in a large vessel and applying to it a potential of 
several hundred volts; streams of electrons can be observed rising 
from the cathode accompanied by a blue glow, which indeed (ills 
the greater part of the vessel and is not confined to the parts tra¬ 
versed by the primary electrons. We can ascribe this glow, when it 
occurs, to the excitation of the gas by secondary electrons ejected 
by the primary ones. The primary electrons, having much more 
energy than is required merely to eject one electron from a mole¬ 
cule of the gas, might eject some with energies varying from zero 
to the excess of the energy of the primary electron over the ionising 


22-2 



340 


DISCHARGE THROUGH GASES AT LOW PRESSURES 


potential; those which have energies in the neighbourhood of the 
resonance potential will, since there is no force acting upon them, 
remain in the state for some time, while those secondary electrons 
which start with greater energy, and the primary rays themselves, 
will gradually lose energy by inelastic collision and get into a 
luminiferous state. 

Goldstein^ has given some very cogent reasons for supposing 
that glows such as these and the negative glow in the glow dis¬ 
charge are due to electrons which are 
emitted by the primary electrons—the 
cathode rays in the glow discharge— 
and which travel in straight lines through 
the gas. He showed that though these 
glows occur in places which are not 
traversed by the cathode rays, the places 
where they do occur are places which 
have an uninterrupted view of the 
cathode rays and which could be reached 
by anything travelling in straight lines 
from them. Thisisillustrated byFig. 130, 
where the dotted lines mark the limits 
of the glow. He showed that the 
emissions from the cathode rays travelled 

in straight lines and cast shadows. These would be consistent with 
the emissions being radiation, but he showed that they were deflected 
by a magnet and in the same sense as cathode rays; this disproves 
the radiation hypothesis. 

Let us apply these considerations to the dark space where 
there are both ionisation and a strong electric field. In this space 
when an electron is liberated it will acquire energy rapidly. Re¬ 
garded as a producer of resonance radiation the electron is active 
only when its energy is between R and R H- AR, the distance 
in which it is active is where it is acquiring the energy Ai2, and the 
length of this is Ai^/ATe, where X is the electric force at the point 
in the dark space where the electron has acquired energy equal to R. 
Thus the length of its effective path, and therefore the probability 

I Goldstein, Wied. Ayin. Ixvii. p. 84, 1899. 
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that it makes a light-giving collision, is inversely proportional to X. 
According to Aston’s measurements X is proportional to the dis¬ 
tance from the boundary of the dark space; thus the brightness of 
the luminosity excited by these electrons will vary inversely as 
this distance, so that the luminosity will have a very well-marked 
maximum at the boundary. Those electrons which cross the boun¬ 
dary with energies between the given limits, will, since the electric 
force is exceedingly small in the negative glow, remain in the active 
state during the whole of their path through the negative glow, and 
thus a very large proportion of them will produce luminous radia¬ 
tion. They will not, however, ionise the gas. The ionisation in the 
negative glow will be due to electrons which cross the boundary 
with energy greater than Fo, the ionising potential. The energy 
of the electrons crossing the boundary will range from that corre¬ 
sponding to the full cathode fall of potential for those which have 
started from the cathode itself to very small values for those which 
come from near the boundary. All with energy greater than the 
ionising potential will ionise and lose their energy as they pass 
through the gas. Those with energies in the neighbourhood of the 
maximum ionising potential will do so most quickly, the electrons 
with these intermediate energies will be absorbed more rapidly 
than the very fast or very slow ones, and the ionising power of the 
stream will diminish rapidly at first, more slowly afterwards as the 
distance from the boundary increases. The proportion of very fast 
and very slow electrons will increase with this distance, the slow 
group will lose more by diffusion to the sides of the discharge tube 
than the fast one, so that ultimately the stream will be reduced to 
high-speed cathode rays of small ionising power. This agrees with 
observation, for these rays may often be seen passing not only 
through the negative glow but through the positive column and 
striations. 

Though the energy of most of the electrons when they cross the 
boundary of the dark space is too large for resonance collision, yet, 
as they lose energy by ionising collisions, they may reach a stage 
where their energy is between R and R -h Ai?, and then they will 
produce luminosity. 

Since the electric force in the negative glow is exceedingly 
small, the electrons and positive ions liberated by ionisation will 
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accumulate until their density is great enough to carry the current 
by diffusion. 

One of the most conspicuous properties of the light from the 
electric discharge is the way it is quenched by a strong electric field; 
this is illustrated by the experiment represented in Fig. 131. C and 



Fig. 131. 


C' are two parallel plates, which can either be connected together 
so as to form a double cathode or one can be left insulated and the 
other used as the cathode. If C is used as the cathode and C left 
insulated, then at a low pressure there is a dark space next C and 
negative glow reaching to C '; we can prove that cathode rays from 
C extend as far as C' by deflecting the rays with a magnet. If 
C and C' are joined together so as to form a double cathode, the 
appearance is that shown in b. Fig. 131; there is now a dark space 
next C' and in it a strong electric force, and this has extinguished 
the luminosity which previously existed. 

Aston^s Dark Space. 

The dark space we have been considering is not the only one in 
the neighbourhood of the cathode. Aston^, in 1908, discovered that 
when the gas in the discharge tube was helium or hydrogen, there 
was immediately against the cathode a much thinner dark space, 
in his experiments only a millimetre or so thick. He did not observe 
any considerable change in its thickness as the pressure altered, 

I Aston, Proc. Roy. Soc. I.x.x.x. p. 45, 1908. 
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but it was sensitive to changes in the current, diminishing when the 
current increased and increasing when it diminished. This dark 
space has been observed in several other gases, e.g. neon, xenon and 
krypton, and quite recently Giintherschulze* has observed changes 
in the thickness with alterations in the pressure, the thickness 
increasing as the pressure fell. Kossel^ has observed in helium a 
structure connected with this dark space, it is represented in 



Fig. 132. 


Fig. 132. A is the Aston dark space, R a red layer corresponding to 
the glow over the cathode, G a dark green one—Crookes dark space, 
W a whitish negative glow, and D the Faraday dark space. 

A structure analogous to this may be observed near any surface 
which is emitting negative electricity in a gas at a low pressure. A 
convenient way of showing this is to place an insulated glass plate 
opposite a flat parallel cathode in a discharge tube connected with a 
pump by which the pressure may be altered. When the discharge is 
passing the cathode rays strike against the plate and charge it up 
negatively; the charge increases until the force in the neighbourhood 
of the plate becomes great enough to enable the negative electri¬ 


fication to escape into the discharge 
tube, the plate thus becomes an 
artificial and easily controlled cathode. 
When the pressure of the gas is low, 
say less than *05 mm. of Hg, the ap¬ 
pearance in front of the plate is that 



represented in Fig. 133. Next the plate there is a dark space (1), 
then a glow (2), then a dark space again followed by another glow 


I Cliinthcrschulze, Zfits.f. Phys. 


Ixxi. p. 2.38, 1931. 


2 Kosael, Jahr. d. Rndioakt. xv'iii. p. 320, 1921. 
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and so on. The thicknesses of the dark spaces and the glows 
increased as the pressure diminished. This efiect appeared when 
the tube was filled with hydrogen, oxygen, helium, nitrogen, 
CO 2 ; indeed traces of it were seen with every gas tried, and it was 
especially well developed in helium and CO 3 . This we regard as an 
example of the theory of striation given in this book, p. 387. 

Electrons start from the glass, but as their energy at first is 
below the resonance potential of the gas they do not produce 
luminosity; on going a little farther they reach the resonance 
potential and the glow appears, but as there is no ionisation the 
charge is entirely negative and the electric force therefore continues 
to increase until the energy of the electrons reaches the ionising 
potential. At this stage ionisation occurs and positive ions as well 
as electrons are produced, the more mobile electrons are driven 
away and the positive ions remain. Soon the positive charge 
exceeds the negative and the total electrification becomes positive. 
Positive electrification implies diminishing electric force, and the 
force goes on diminishing until it is too small to supply enough 
energy to the electrons to compensate for the energy they lose in 
ionising and exciting luminosity. The energy of the electrons sinks 
below the ionising potential and it may sink below the resonance 
potential; in this case there is a dark space, and there is neither 
ionisation nor luminosity. Since there is no ionisation the electrifica¬ 
tion is negative, so the force begins to increase and the cycle which 
started at the glass plate is repeated. The glass plate in this ex¬ 
ample corresponds to the end of the negative glow in the glow dis¬ 
charge, the dark space to the Faraday dark space and the striations 
to the striated positive column. The striations in our example only 
occur within certain limits of pressure; this is true also of the 
striations in the glow discharge. In our example, for the striations 
to occur the electric force must fall so low that it is not sufficient 
to supply to the electrons enough energy to replace the energy spent 
in producing luminosity; if it did not fall as low as this, luminosity 
would always be produced and there would be no dark spaces and 
no striations. 
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Current Density at the Cathode. 

Wehnelt^, in 1902, showed that the discharge of electricity from 
the cathode is confined to the area covered by the luminous glow, 
and that (until the whole area is covered) the total current flowing 
through the tube is proportional to the area covered. This implies 
that the current density over the cathode remains constant as long 
as there is any space for the glow to expand. 

Simultaneously with Wehnelt, two other observers, H. A. Wil¬ 
son^ and Hehl3, discovered the constancy of the current density. 
The discharge when the cathode is not covered with glow is called 
‘normal,* and the cathode fall of potential has a constant value 
independent of the pressure and current through the tube. The 
discharge stays in the normal form with great tenacity, and if the 
cathode is hollow or tubular it will remain normal until both the 
inside and outside of the cathode are covered with glow. 

If the cathode is a closed cylinder with a hole in the plane face 
nearest the anode, when the pressure is lowered enough to let the 
discharge begin it will start from the plane face of the cylinder 
nearest the anode. When the pressure is gradually lowered a stage 
will come when a bright line discharge passes through the centre of 
the hole and glow appears on the back as well as on the front of the 
plate; as the pressure gets less and less the glow spreads farther and 
farther over the inside of the cylinder, both it and the dark space 
separating it from the metal get thicker and thicker and the whole 
of the inside gets filled with glow. At very low pressures this glow 
disappears and a pencil of positive rays passes through tlie hole into 
the cylinder, the potential difference being much greater than at 
high pressures 4. 

The normal current density varies as the square of the pressure 
for plane electrodes, and in direct proportion to the pressure for 
cylindrical ones; it also varies to some extent with the gas and with 
the metal of which the cathode is made. The following table, given 
by GiintherschulzeS, contains quantities which occur in the space- 

1 Wehnelt, Ann. der Phys. vi. p. 2:}7, 1902. 

2 H. A. Wilson, Phil. Mag. ( 6 ), iv. p. (>08, 1902. 

3 Hehl. Pkya. Zeitt. in. p. 547, 1902. 4 Hufford, Phil. Mag. I. p. 1197, 1925. 

5 Guntherschulze, ZeiU. f. Phys. xx. p. 14. 1923. 
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charge equation = Cid^ ^, where V is the normal cathode 

fall, i the normal current density, and d the thickness of the dark 
space, the pressure being 1 mm . Hg. M. is the mass of a molecule 
of the gas. 

Aluminium Cathode. 


Gas 

V 

VejM 

i (unit 10~® 
amp./cm.*) 

d (calc.) 
cm. 

d (ob.) 
cm. 

He 

153 

8-52 X 10® 

1-572 

1-802 

1-32 

Ne 

145 

3*78 

1-81 

0-951 

0-637 

At 

150 

2-70 

14-07 

0-276 

0-285 


215 

4-55 

38-4 

0-284 

0-305 


192 

17-00 

9-00 

1-042 

0-724 

O 2 

250 

4-25 

54-7 

1 

0-287 

0-222 


Iron Cathode. 


He 

161 

8-52 X 10® 

1 

1-2 

2-16 

1-66 

Ne 

152 

3-78 

2-00 

1-06 

0-72 

Ar 

! 166 

2-70 

15-5 

0-344 

1 

0-356 


256 

4-55 

42-3 

0-376 

0-418 

2 

H« 

250 

17-00 

9-96 

1-46 

0-9 

* 2 

O 2 

326 

4-25 

i 

60-6 

1 

0-360 

0-311 


The column d (calc.) contains the value of d calculated by the 
space-charge formula _ 

Vi= 

With plane cathodes the current density is constant from 
beginning to end of the dark space, and so the question as to where 
the current density has to be measured does not arise. But the 
question does arise with a;ny other form of cathode. For example, 
if the cathode is a fine wire, is the density to be measured at the 
surface of the wire or the outer boundary of the dark space? If it 
is to be measured at the surface of the wire, then the finer the wire 
the greater the current density. Or again, with a plane cathode 
m.ide of fine wire gauze, the area of its metal surface will be much 
smaller than that of a plate of the same diameter, and at the surface 





347 


DISCHARGE THROUGH GASES AT LOW PRESSURES 

of the metal the current density will be much greater for the gauze 
than for the plate, and therefore if the current density at the surface 
of the metal is the decisive factor the discharge from the gauze 
should become abnormal and show an abnormal cathode fall of 
potential for much smaller total currents than for the plate. We 
have no evidence of this and we think the term ‘ normal current 
density’ is misleading, if we interpret it as connected with some 
property of the metal of the cathode. 

Our view of the matter is as follows: in these discharges there 
is an equation connecting the potential difference V between the 
electrodes, d the distance between them, and the total current 7. 
This is of the form 

where I' (d) is a function of geometrical quantities only. 

For a plane cathode, F (d) oc d^JA^ where A is the area of the 
cathode; so oc^rf^, where i is the current density at the surface. 

For a wire cathode of length Z, we have 

= {R), 

where R is the distance between the electrodes. 

Here the vital quantity for the value of V is 7//, i.c. the total 
current given out by unit length of the wire. This is quite a dif¬ 
ferent thing from the current density at the surface of the wire, 
which is equal to 7/!27r?'Z, where r is the radius of the wire; the current 
density involves the radius, Ijl does not. Our view is that the 
normal current density is the density which in an equation of the 
space-charge form 

F„4 =i.F (d) y~ , 

gives Fo the normal cathode fall of potential, d being the thickness 
of the dark space. 

In consequence of the ionising power of a moving electron 
reaching a maximum when its energv has a particular value, and 
then diminishing indefinitely as its energy increases, the number of 
ions produced by an electron in passing over a distance d will be 
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a maximum when the potential drop in that distance has a definite 
value. The ionisation clearly vanishes when the drop is zero and 
when it is infinite, and so it must have a maximum for some inter¬ 
mediate value of the drop. We could calculate this value if we had 
an expression for the number of ions produced per unit path by an 
electron in terms of the energy of the electron. Though the graphs 
representing this connection have been determined by several 
physicists (see p. 92), they are not of a kind that can be generally 
represented with much accuracy by any simple algebraical expres¬ 
sion, As a rough representation of this connection, J. J. Thomson* 
^^ggested the relation 


where N is the number of ions produced per cm. of path by an 
electron whose energy is F, C is the ionising potential of the gas, 
p its pressure, M a second potential characterising the gas and k 
a constant. This expression satisfies the conditions that it is 
proportional to V — C when this is small compared with M, it has 
a maximum value when V ~ C = M and falls o£E rapidly when 
V — C is large compared with M, Taking this expression, and com¬ 
bining with it Aston’s law for the distribution of electric force in the 
dark space, it was found that the ionisation produced in the dis¬ 
tance would be a ihaximum when Vq, the drop of potential in this 
distance, was equal to 1*5 M and the number of ions produced was 
'S6kpdl'2M^ kpl2M being the number of ions produced per cm. by 
an electron when its ionising power is at its maximum. 

On the theory of the discharge given on p. 297 the condition for 
the discharge is that there should be a definite amount of ionisation 
in the dark space for each electron passing through it. The best 
chance of getting these ions is to have in the dark space a drop of 
potential equal to the value which produces the greatest total 
ionisation; this value will be equal to Fq, the cathode fall of poten¬ 
tial, and the normal current ^ will be that given by 

H = V^ijF (d) y ^. 


where d is the thickness of the dark space. 

I J. J. Thomson, Phil. Mag. viii. p. 393, 1929. 
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Section B. The Negative Glow. 

The negative glow is the luminous discharge which starts at the 
end of the dark space. In some cases, oxygen for example, the plane 
of demarcation is very well marked and can be fixed to a fraction of 
a millimetre by optical methods, in others such as hydrogen and 
helium it is indistinct and cannot be fixed with exactitude in this 
way. The brightness of the glow diminishes as we recede from the 
cathode and the position of its end depends to some extent on the 
delicacy of the means we use to detect it. The length of the negative 
glow increases as the pressure diminishes, and with an increase 
of the cathode fall of potential such as occurs in the abnormal dis¬ 
charge with increase of current. It is dependent upon the distance 
the high-speed electrons coming from the cathode can travel before 
losing so much energy that they have not enough left to ionise or 
produce luminosity. Beyond this distance they produce no elec¬ 
trons and the current has to be carried beyond this place by electrons 
produced nearer the cathode; the path of the high-speed electrons 
can be traced through the negative glow and sometimes a few can 
be seen beyond its visible boundary. If the paths of the electrons 
coming from the cathode are deflected by a transverse magnetic 
field so as to strike against the walls of the tube, tlie negative glow 
is shortened; often the place where the electrons strike against the 
glass gets charged up with negative electricity and acts like a 
secondary cathode sending a supply of electrons into the gas. This 
effect is illustrated in Fig. 134. 



On the other hand a longitudinal magnetic field lengthens the 
negative glow as it prevents electrons from making their way across 
to the walls of the tube. 
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The electric force in the negative glow is exceedingly small, so 
small that it is doubtful if we have at present the means of deter¬ 
mining it with any approach to accuracy. The absence of appre¬ 
ciable electric force along its length implies, by Coulomb’s law 
(dXjdx — 47rp), that the density of the electrification vanishes, in 
other words that the density of the positive ions is equal to that of 
the negative. The determination of this density is a matter of 
great interest; one method by which it can be made, and by which 
the electric potential at a point in the glow can be found, has 
been introduced by Langmuir, who has paid great attention to the 
properties of glows. 

The method is based on the following principles. Suppose PQ 
is a plane electrode immersed in the glow, and maintained like the 
cathode in the dark space at a lower potential than the glow, the 
positive ions in the glow will move up to PQ while the electrons will 
move away from it. There will thus be an excess of positive elec¬ 
tricity close up to PQy and this will accumulate until it is large 
enough to counterbalance the negative electrification on PQy just 
as the positive electrification in the dark space balances at the end 
of that space the negative electrification on the cathode. The 
positive charge forms what Langmuir calls a sheath to PQ, and PQ 
with its sheath on does not give rise to any electrical effects outside. 
Inside the sheath the positive ions move up to PQ and send a 
current through a galvanometer connected with it. When these 
positive ions strike against PQ they may cause it to eject electrons, 
but if the potential difference between PQ and the glow is less than 
the ionising potential these will not produce any fresh positive ions. 
The current due to the emission will be proportional to the current 
carried by the positive ions and be in the same direction. If A is 
the area of the sheath, n the number of positive ions per unit 
volume in the gas outside it, u the velocity of mean square of these 
ions then if their directions of motion are distributed at random 
the number passing through the sheath per second is AuuIV^tt, 
and if I is the current through the galvanometer 



enuA 

Gtt 


(1 + y)» 


where y is the number of electrons ejected by one positive ion. 
If 1 is measured, n can be calculated from this equation. In a steady 
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discharge we should expect the ions to have the same temperature 
as the gas itself, so that if this temperature is determined the value 
of u may be deduced, but it should be stated that in one experiment 
Langmuir found an apparent temperature of 5000° K. 


If the potential of PQ is positive to the glow, PQ will attract 
the electrons. Langmuir supposes that these do not form a sheath 
to PQ but pass into the electrode, producing a current I through its 
circuit. As the positive charge on PQ is not shielded off from the gas, 
the density of the electrons in its neighbourhood will be increased, 
and if n_ is the number of electrons per unit volume in the normal 
gas, the number round PQ which is at a potential V above that of 

Ve 

the gas will, if Boltzmann’s rule holds, be where T is taken 

to represent the temperature of the electrons; and I the current 
through the galvanometer connected to PQ will be given by 



Ve 

.11 _ 



where u_ is the velocity of mean square of the electrons, and 


Ve 


log I = constant + 


( 2 ). 


As the velocities of the elec¬ 
trons are much greater than those 
of the positive ions, the current 
when PQ is at a higher potential 
than the glow will be very much 
greater than when it is at a lower 
potential, and the passage of the 
potential of PQ from a lower to a 
higher potential than that of the 
glow will be accompanied by an 
abrupt increase in the current. 
This is illustrated by Fig. 135, 
taken from a paper by Langmuir 
and Mott-Smith*; the part AB 
where the current is independent 
of the potential corresponds to 



VO’' 

Fig. 135. 


I Langmuir and Mott-Smitli, Gen. Electr Rev xxvii, p o3S, 1924. 
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potentials negative to the glow, at B the negative current begins 
to diminish rapidly and soon becomes positive. The part BD 
where I is positive ought on the theory to satisfy the relation 


log I = constant + 


Ve 

RT^ 


and thus give the value of T, the electron temperature; in this 
example it was 9200° K., corresponding to a mean energy of about 
1*1 volts and a velocity of mean square of about 5-8 x 10’. The 
density of the electrons can then be deduced from equation (1). 
The density of the positive ions is equal to that of the electrons. 

Langmuir and Mott-Smith^ have also developed the theory of 
cylindrical probes, and find that they give the potential of the glow 
with considerably greater accuracy than plane ones. 

Tlie potential in the glow has also been measured by using a 
probe raised to incandescence and measuring its potential when it 
begins to emit electrons. 

These methods all involve the introduction of probes into the 
discharge tube with the possibility of alterations in the conditions 
of the discharge. Van der PoH has used a method of comparing the 
conductivity of glows, and hence the density of the ions and elec¬ 
trons, which avoids this objection; the method consists in measuring 
the disturbance produced in a Lecher’s Bridge when the tube con¬ 
taining the glow is placed near it. The conductivity of an ionised 
gas can also be estimated by placing the vessel containing the glow 
in a loop of the circuit carrying the rapidly alternating currents 
which produce an electrodeless discharge in a bulb containing a 
gas at low pressui*e. This bulb acts as a galvanometer; when the 
ionised gas is placed in the loop the brightness of the discharge is 
affected. The conductivity of the glow can be estimated by finding 
the strength of an electrolytic solution which, when placed in a 
vessel of the same shape and size as that containing the ionised gas, 
produces the same effect upon the brightness of the electrodeless 

discharge 3. 

1 Langmuir and Mott-Smitli, Phys. Rev. xxviii. p. 727, 1926. 

2 Van tier Pol, Phil. Matj. (6), xxxviii. p. 3.52, 1919. 

3 J. J. Thomson, Recent Researches in Electricity and Magnetism ; Phih Mag. 
(5), xxxii. p. 445, 1891. 
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At the boundary of the dark space the current is carried entirely 
by electrons, and this stream of electrons, if it passed through 
a non-ionised gas, would in a short space establish by the space- 
charge effect a considerable potential difference, tending to stop the 
stream. When there is ionisation, however, as there is in the nega¬ 
tive glow, the effect is neutralised by the presence of positive ions, 
and the potential differences remain very small as long as there is 
ionisation. The energy for this ionisation comes from that supplied 
to the electrons in the dark space; their energy will be exhausted in 
producing ionisation and luminosity, and after they have passed 
through a certain length of the negative glow ionisation and lumi¬ 
nosity will cease, and the current wiU again be carried by a stream 
of electrons, though among these there will not, as there were in the 
entrance stream, be any having energies corresponding to the fall 
through the whole cathode fall of potential and only a very small 
proportion with energy as large as that corresponding to the reson¬ 
ance potential. The distribution of velocities in the negative glow 
will not be purely Maxwellian. Superposed upon it there will be a 
drift in the direction of cathode to anode; this can be detected by 
observing the behaviour of the glow under a magnetic force. The 
path of the high-speed electrons can be detected by the luminosity 
they produce as they pass through the gas, and their deflection 
under the magnet observed. In addition to the deflection of these 
high-speed electrons there is a displacement of the glow as a whole, 
in the same direction as that which would occur if the average 
motion of the electrons in the glow were towards the anode. Since 
the length of the glow is determined by the distance through which 
the high-speed electrons can travel before they lose the power of 
ionisation, the length will increase when the pressure of the gas 
diminishes and when the initial energy measiired by the cathode fall 

of potential increases. These results are in accordance with obser¬ 
vation. 

Waves through Glows. 

The physical properties of a structure like the negative glow, 
where we have equal densities of electrons and positive ions, are 
exceedingly interesting. We shall investigate the propagation of 
longitudinal waves through such a mixture, supposing that initially 
the densities of the ions and electrons are uniform from end to end. 

TCEII 


23 
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Let n be the number of electrons per unit volume when the 
glow is disturbed by the passage of the wave, the number in the 
undisturbed condition, N and Nq the corresponding quantities for 
the positive ions, m the mass of an electron, M that of a positive ion 
and X the electric force in the direction of x. 


By the equation of continuity 


( 1 ). 


dt ' dx 

where u and v are the average velocities of the electrons and positive 
ions respectively. 

By the equation of transference^. 




d Xen P 

(nu^) =-1— 

' ' mm 


d ,-KT-\ . ^ /■Kr- 9 \ XeN 
dt + di = 


m 


P 

M 


( 2 ), 


where P is the momentum communicated per second to the elec¬ 
trons in unit volume by the impact of the positive ions. P is of the 
form AnN {v — w). The velocities of the electrons and the ions will 
consist of a Maxwellian distribution with a molar velocity super¬ 
posed. Thus 

u ~ u V, V — V V, 

where U and V are the Maxwellian velocities, and [/ F = 0, 

As in small vibrations the molar velocity will be small compared 
with the Maxwellian, _ _ 

11 ^ s=ss f/2^ ^2 s:; 

=4^e(N - n). 


Now 


dx 


hence from (1) and (2) we get, remembering that X, w, v, dnjdx and 
are all small. 


dx 


d^n 

~di^ 


+ V 


d^n 


477 -e® A (dn dX 

-7?o(A^ —n)+ I 


A 

m 


dx^ m 

1 Jeans, Kinetic Theory of Oa-seSt eq. (666). 
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dm d^N 

dt^ dx^ 


477 

'M 


, . A. \r (dn dN\ 


where Mq, iVo are the initial values of n and iV, and = iV^. The 
terms in ^ in these equations correspond to resistances proportional 
to the velocity; they will make the vibrations die away, but will not, 
except in special cases, afiect greatly the velocity of wave trans¬ 
mission. Omitting these terms we get, since 


d^n 


477 6^ no 

d-n-e^Wo 

~dt^ 

^ dx- 

-f- n — 

m 

•^V ^ 

m 

dm 

dm 


4776^^0 

dt^ “ 


II 

> 

+ 

—si^n. 

M 

Thus putting 





we get + —- 

and 

hence 


n = .^4 iV = 

(q^ m + - pA A = ^^0 B 

m ^ ) m 


'V, La _ L2 72 + 

A _0 . 


.( 3 ) 


= <72 JJ2 _|_ 


477^2 «□ 

m 


b = q-V-- + ^-^0 

liSTT^e^tiQ^ 

^ ~ niM * 

then (p 2 _ a) ft) == c. 

The roots of this equation are 


— + c — ao. 


Since m is very small compared with M, a is large compared 
with b and compared with c; in this case the two roots are 




and 




23-2 
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or approximately 


7>i2- . 

^ ^ m 

.(4), 



® „ 477Woe2 • • • • 

^ m 

.(5). 


is very large compared with 

If CO is the phase velocity of waves of type (1) and A the wave¬ 
length, we get, from equation (4), 

7rm 

The velocity of the wave is never less than and increases 

rapidly with the wave-length. Since the velocity of propagation 
depends upon the wave-length, the phase velocity co will not be 
equal to the velocity with which energy is transmitted along the 
wave; this velocity is equal to 

. d<o 

oj — A =-. 

aA CO 

We see from equation (4) that a wave whose frequency pj^ir 
is less thanV nQlrnn cannot be transmitted, this is the frequency of 
the glow vibrating as a whole. We can form an estunate of this in 
the following way. Since the positive and negative charges balance 
soon after passing from the dark space to the negative glow, we 
may suppose that the density of the electrons in the negative glow 
is not far from that of the positive ions in the dark space; this is 
equal to where Fq is the cathode fall of potential and I the 

length of the dark space. Putting this value in the expression 

we find that the frequency is equal to 

( Vge 

\27T^ml^} * 

VqC = ^ mv^ if V is the velocity an electron would get by falling 
through the dark space, and Ijv is the time an electron moving 
with that velocity would take to cross the dark space; thus the 
frequency of the vibration is l/27rT, where T is the time the quickest 
electron would take to cross a distance equal to the thickness of the 
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dark space. The values of Wq in the glows of different gases and the 
frequency of their vibration at 1 mm. pressure are given in the 
following table: 


1 

Gas 


Frequency 

He 

1 

10* 

9 X 10’ 

Ne 

4 X 10* 

1*8 X 10* 

Ar 

20 X 10* 

4-1 X 10* 

Na 

25 X 10* 

4-5 X 10* 

Ha 

44 X 10* 

2-0 X 10* 

Oa 

55 X 10* 

1 

1 

6-6 X 10* 


At a pressure of *01 mm. the frequencies would only be one-hundredth 
part of these values. 


To return to the waves represented by equation (5), we see from 
that equation that a> 2 , the velocity of these waves, is given by the 
equation 


CO2 


= 


47rWQe* 

M~ 








m 


Thus the velocity is always greater than (and less than 




+ 

^ ^ A/ 


If the electronic temperature measured by \mU^ were equal 
to the molecular temperature the maximum velocity would 

be'v/2F; this maximum would be increased if, as is probable, the 
electronic temperature were greater than the molecular. When 

is small the velocity of propagation of the waves 
does not depend upon their wave-length; when, however, it is large 



7tM * 


The expression is of the same form as that for the velocity of 
waves of the first type and the velocity will increase with the wave¬ 
length; the velocity with which energy is transmitted is equal to 
T^/a >2 • In this case there is a critical frequency equal to 
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We see from the expression for given on p. 356 that 

TJ^q^l{4^nQe^lni) is ^ that the length of the dark 

space is the criterion for whether a wave is long or short. 


The preceding investigation applies to a mixture where the 
masses of the two constituents are very different; if instead of a 
mixture of positive ions and electrons we have one of positive and 
negative ions, the masses will be much more nearly equal. If we 
^PPly method we have just given to the case where M = m, and 
where equation (3) becomes 


or 



= 0 


U-q 


2^2 


4 - 


SjrnQe^ 

M 


- 0 


( 6 ), 

(7). 


The first equation represents a wave travelling at the same rate 
as a sound wave through the uncharged gas. The second represents 
a wave with the properties of waves connected with electrons; we 
see must be greater than (STrnQe^/M), so that only waves of this 
type with a frequency great enough to satisfy this condition can be 
transmitted. The velocity co of these waves is given by equation (7) 


as 


oj^= TP + 


2noe2 A2 

Mtt ' 


thus the minimum phase velocity is that of sound, and the system 
has a natural period given by 

p^ = STTn^e^jM. 

The velocity with which energy is propagated in waves of the 
second kind is equal to TP/w; the maximum value of this is {TP)^. 
Thus the energy in a disturbance lasting for a time less than 27r/p 
would travel with a velocity ranging from zero to that of sound, 
according to the abruptness of the disturbance. 


Section C. The Faraday Dark Space. 

The Faraday dark space is the part of the discharge between the 
negative glow and the positive column. The end where it joins the 
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latter is quite clearly defined, but the end next the negative glow is 
not so, and we cannot by looking at the discharge tell where the 
negative glow ends and where the Faraday dark space begins. It is 
important, however, to retain the distinction between the negative 
glow and the dark space, for they are differently affected by changes 
in the electrical conditions in the tube. Where, we may ask, on the 
view we have taken of the negative glow, would be its boundary on 
the anode side? The negative glow was regarded as the seat of 
ionisation which by producing a supply of positive ions prevented 



the electrons from building up a space-charge, and thereby kept the 
electric force in the glow very low. If the ionisation were to stop 
abruptly at a place P, then on the anode side of P the negative 
charge on the dense swarm of electrons which carry the current 
would no longer be balanced by the positive charge on ions, and 

dX. 

since = — 47rp, the electric force X would increase rapidly; 

ax 

thus at P there vrould be an abrupt increase in the electric force, 
and we may regard P as the end of the negative gradient of the 
glow and the beginning of the Faraday dark space. In practice the 
ionisation will not cease abruptly but will gradually fade away; 
thus the density of the negative electricity and therefore dXjdx 
will not change abruptly and the beginning of the dark space will 
not be so clearly marked as before; it is, however, often quite 
clearly marked. Thus in Fig. 136 it occurs quite distinctly on the 
graph marked 6*0/na at about ordinate 30; the end of the positive 
column is where this graph meets the line ll. This figure illustrates 
the importance of distinguishing between the Faraday dark space 
and the negative glow; it will be seen that the intersections with 
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ll of the graphs for the smaller currents get nearer to the cathode 
as the current diminishes and it is generally said that the Faraday 
dark space increases as the current increases, but it will be seen that 
this increase is rather in the length of the negative glow, the part 
where the gradient of the force is very small; the Faraday dark space 
as we have defined it usually diminishes as the current increases. 

The Faraday dark space as usually defined is not altogether 
devoid of luminosity, indeed Seeliger^ found that the intensity of 
the hydrogen line Hy is a maximum in this region. Curious isolated 
patches have been noticed in the Faraday dark space in hydrogen 

by Zeleny 2 and by Holm 3 in air, but their origin has not as yet been 
ascertained. 

Measurements of the electric force in the Faraday dark space 
were made first by Hittorf4; Graham5, H. A. Wilson^, Skinner? 
and Holm {loc, cit.) have also made measurements of the distribu¬ 
tion of the electric force in this discharge. Skinner’s experiments, 
which were made on carefully purified nitrogen with disc electrodes 
of considerable size and led to results of particular interest, are 
represented in Fig. 136. The end of the positive column was found 
always to be at the place where the graphs for the different current 
densities intersected the straight line ZZ, i.e. the force at the end of 
the positive column has the same value whatever the current may 
be. With the same current the width of space between the end of 
the positive column and the cathode is greater at low pressures than 
at high. 

Skinner made an interesting experiment with the gas in the 
tube shielded from any disturbance travelling at right angles to the 
plane of the cathode. The cathode was a disc with its plane in the 
axis of the tube, the disc was surrounded by a piece of glass tubing 
with its axis perpendicular to the disc, thus any disturbance 
travelling at right angles to the cathode was prevented from 

1 Seeliger, Ann. d. Phys. Ixvii. p. 352, 1922. 

2 Zeleny, Nature^ cxxv. p. 562, 1930. 

3 Holm, Phil. Mag. (7), xi. p. 194, 1931. 

4 Hittorf, Wied. Ann. xx. p. 726, 1883. 

5 Graham, Wied. Ann. Ixiv. p. 49, 1898. 

6 H. A. Wilson, Phil. Mag. (5), xlix. p. 505, 1900. 

7 Skinner, Phil. Mag. (5), 1. p. 563, 1900, 
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reaching any but a small portion of the gas between the electrodes. 
With this arrangement it was found that the luminous positive 
column occupied nearly the whole of the space up to the cathode; 
the Faraday dark space was very small and increased but little 
with an increase in the current. 

Skinner observed, with a tube of the normal type with the 
electrodes facing each other, that when once by means of large 
currents the luminous positive column had been driven back on the 
anode the gas took a considerable time before it recovered the 
power of transmitting a luminous discharge: the time required for 
the recovery depended on the time the large current had been kept 
flowing through the tube. Skinner mentions times of one or two 
hours as having been required in some of his experiments. The gas 
in the tube was nitrogen carefully purified; it is possible that the 
discharge deposited the small amount of impurity on the electrodes, 
and made gas pure enough to behave like an inert gas and give an 
exceptionally long negative glow of feeble luminosity^. Since, with 
the exception of the cathode dark space, the only dark part of the 
discharge is that where the graph representing the electric force is 
below the line ll, it follows from Skinner’s experiments (in which the 
pressure was not very low) that there is luminosity at all parts of 
the discharge when the electric force exceeds a certain value 
depending on the pressure. 

To produce luminosity at the end of the positive column the 
kinetic energy of an electron at that point must not be less than 
VrCy where Vr is the resonance potential of the gas. We shall con¬ 
sider two cases: first, where the pressure is so high that the velocity of 
an electron at any place is determined by the electric force at that 
place. Suppose that X is the electric force, A the energy free path, 
i.e. the average distance the electron travels without making an 
inelastic collision, then if v is the velocity of the electron 

= Xe\ . (1) 

. . 1 1 *. 

If i is the current per unit area, n the density of the electrons, 

i = nev .(2). 

I For otlier examples of analogous effects due to long continued passage of a 
current see p. 456. 
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In the Faraday dark space we suppose that the density of the 
electrons far exceeds that of the ions, so that we may put 

.(3), 


dx 


= 4^ne 


and from (1), (2), (3) 


( J 


s ^ 


if X be measured from the boundary of the negative glow X = 0 
when X = 0, hence 




V / 


i mv^ = XeX — (^) ^ ^ {xXi)^; 


the thickness x of the dark space will be found by equating this 
expression to VrC, hence 

xoc 

Thus the thickness of the Faraday dark space is inversely propor¬ 
tional to the current density and directly proportional to the 
pressure of the gas. 

The other case is when the pressure of the gas is so low that the 
molecules of the gas do not interfere with the motion of the electron; 
this is the ordinary case of space-charge when the rise in potential 
after a distance x is 

Vj.cc (ix^)^. 

Thus X varies inversely as \/i. 


Section D. The Positive Column. 

The position of the head of the positive column, the part nearest 
the cathode, depends but very little if at all upon the distance of 
the anode from the cathode; this is what we should expect from our 
consideration of the negative glow and the Faraday dark space. 
The head is very sharply defined and measurements of its distance 
from the cathode have been made by, in addition to those already 
quoted, Riecke^ for nitrogen and by Wehner^ for hydrogen; the 
graphs representing the results of Wehner’s experiments are given 

1 Riecke, Ann. d. Pkys. xvi. p. 282, 1905. 

2 Wehner, Arm. d. Phys. xxxii. p. 49, 1910. 
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in Fig. 137, where the abscissjB represent the current, the ordinates 
the distance, and the figures on the curve denote pressures in mm. 

In Riecke’s experiments the distance of the head of the positive 
column from the cathode increased with the current, while according 
to Wehner this distance at very low I 

pressures increased to a maximum for 700 
a particular current density and then 
decreased as the current density in- ot -»7 

creased. Atthehighestpressurestried, \ 

there was but little variation of the \ 

distance with the current. InWehner’s j ^ 

experiments this distance was ceteris ^ 

paribus greater for the wider tubes / \(r 23 a 

than for the smaller ones. j V\^o^56 

The colour of the discharge in the g / 

positive column is not in general the ^ ^ \ \\ 

same as that in the negative glow, its 0 / \ 

spectrum shows only the arc lines § / 

while that of the negative glow shows p /0429 / \ 0107 

some of the spark lines; it will be / t aszz 

remembered that the negative glow is 300 / \ / 

traversed by high-speed electrons. j ' / 

The colour of the discharge in the / j 

positive column changes with the / 

intensity of the current. A well ,00 / / 

known and very striking instance V_ _ / 

of this is the discharge in argon, / 

where the positive column for small _ ^<032 

current densities is deep red and for 100 I-L- 

large ones a bright blue. The colour. Current in milliamps. 

too, is often affected by small Fig. 137. 

amounts of impurities. Thus the brightness of the discharge through 
the neon tubes used for advertising is said to be greatly increased 
by the presence of a trace of hydrogen. 

The energy in the light emitted by the positive column is but 
a small fraction of the work done on the current in that part of the 
field by the electric force. Thus according to Angstrom^, the fraction 

I K. Angstrom, Ann. d. Phys. xlviii. p. 493, 18934 
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of the energy given out as light when the pressure of the gas is 
•12 mm. of Hg is for hydrogen *015, for nitrogen -074, for CO *032. 
Angstrom also showed that the intensity of the light was propor¬ 
tional to the first power of the current and not to its square as it 
would be if it were due to recombination. 


Teynperature of the Positive Column. 

The temperature of the gas in the positive column is of great 
importance in any attempt to co-ordinate theory with experiment. 
In theories of electrical discharge it is the density of the gas rather 
than the pressure which is of primary importance, while in the 
experiments it is the pressure that is usually measured and a know¬ 
ledge of the temperature is required to deduce the density. An 
example of the importance of knowing the temperature of the gas is 
afforded by the problem of the diminution of the potential gradient 
in the positive column as the current increases. The increase in the 
current would be accompanied by an increase in the temperature of 
the gas, this would diminish the density, and thereby the potential 
gradient. The work of Herz^, Warburg^, and Wood^ has shown, 
however, that the increase in temperature is not suflScient by itself 
to explain the diminution in the potential gradient. The average 
temperature of the gas can be measured by using the discharge tube 
itself as the bulb of an air thermometer. In this way Wood found 
that the rise in temperature produced by a brightly luminous dis¬ 
charge sometimes fell below 20® C. 

Earlier researches on the temperatures in a gaseous discharge 
were made by E .Wiedemann4, who proved that the average tem¬ 
perature of air at 3 mm. pressure in a tube showing a luminous dis¬ 
charge was less than 100® C. Hittorf5 measured the temperature at 
three places in a discharge tube: (1) in the positive column, (2) in 
the negative glow and (3) in the Crookes dark space, and found it 
was highest in (3) and lowest in (1). E. Wiedemann^ showed that 

1 A. Herz, Wied. Ann. liv. p. 244, 1895. 

2 E. Warburg, Jrz'ed. A7in. liv. p. 2C5, 1895. 

3 R. W. Wood, jyied. Ann. lix. p. 238, 1896. 

4 E. Wiedemann, Jf^ied. Ann. vi. p. 298, 1879. 

5 Hittorf, JVied. Ann. xxi. p. 128, 1884. 

6 E. Wiedemann, Wted. Ann. x. p. 202, 1880. 
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th.e distribution of temperature along the tube depends materially 
upon the pressure, and that while at low pressures the temperature 
of the cathode is higher than that of the anode the reverse is true 
at pressures greater than 26 mm. Wood {loc. cit.) made a very 
complete survey by means of a bolometer of the temperature in 
a discharge tube, the bolometer floated on a mercury column and 
so could be put at any position in the tube. He found that in the 
unstriated discharge the temperature is constant in the positive 
column, dinunishes in the Faraday dark space until it reaches a 
mi nim um just on the anode side of the negative glow and then 
increases rapidly in the cathode dark space. In the striated dis¬ 
charge the temperature is greater in the luminous parts than in the 
dark. In no case did the bolometer indicate a temperature greater 
than 100° C. The distribution of temperature along the tube for 
both the striated and unstriated discharges was very similar to that 
of the potential gradient. As the rate of work done by the current 
at any point in the discharge is equal to the product of the current 
and the potential gradient, if all the work were converted into heat 
the curves for temperature would be similar to those for potential 
gradients. As this is the case approximately, we conclude that in 
tubes at moderate pressures the greater part of the electrical work 

appears as heat in the gas at places not very distant from where the 
work is done. 

The preceding results relate to discharges where the current 
through unit area is only a few milliamperes, with currents of the 
order of 1 ampere the temperatures attained are naturally much 
greater, great enough in some cases to fuse the tube or to raise \vires 
in the positive column to incandescence. AVith a potential difference 
between the electrodes of a thousand volts and a current of 0* 1 ampere 
the work done per second is 10® ergs, and as by far the greater part of 
this is converted into heat about 25 calories will be produced in the 
tube per second. The greater part of this heat, according to Giinther- 
schulze sometimes as much as 80 per cent., goes into the cathode 
(the place struck by the positive ions), and unless precautions are 
taken to cool this electrode it will get so hot as to alter seriously the 
density of the gas close to it and make the conditions of the experi¬ 
ment indeterminate; most of the heat which does not go to the 
cathode seems to go to the anode, the place struck by the electrons. 
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Fig. 138, due to Guntherschulze, gives the fraction of the heat 
produced which goes to the anode with cathodes of magnesium, 
aluminium and iron. 



Optical methods have been used to determine the kinetic 
energy of the molecules in the positive column which are emitting 
light. One method, which has been used by Gehrcke and Lau^, is 
to estimate the temperature by the broadening of the lines due 
to translatory motion of the luminous atoms—the Doppler efEect. 
They found that the temperature determined in this way agreed 
with the average temperature found by the manometric method. 
Seeliger and Strehler^, using the same method, have obtained the 
same result. In contrast with this is the result obtained by Coblentz3, 
using another optical method, that of the displacement of the CO 2 
band between 4 and 5/x in the direction of longer wave-length by rising 
temperature; from the displacement of this band in the discharge 
tube Coblentz estimated the temperature of the tube as 6000® C. 
while the average temperature of the gas as determined by a 
thermopile was only about 50° C. 

1 Gehrcke and Lau, Ann, d. Phys. Ixv. p. 572, 1921; Ixvii. p. 388, 1922; Ixxiv. 
p. 574, 1924. 

2 Seeliger and Strehler, Phys. Zeits. xxvii. p. 732, 1926; xxviii. p. 894, 1927* 

3 Coblentz, Jahr. d. Radioakt. vii. p. 123, 1910. 
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Potential Gradient in the Unstriated Positive Column. 

The earliest measurements of the gradient along a uniform 
unstriated positive column were made by Hittorf*, A. Herz^, 
Graham3, Wilson4, Skinner 5, Heuse^, and Matthies^^ and in air at 
atmospheric pressure by Kaufmann®, Stark^, and Stuchtey The 
potential gradient depends (1) upon the diameter of the discharge 
tube, (2) upon the pressure and nature of the gas through which 



Fig. 139. 


the discharge is passing and (3) upon the current through the gas. 
The earlier observers obtained a linear relation between the gradient 
and these quantities, but the ranges of pressure and current in their 
experiments were not very great and more recent experiments have 
shown that this linear relation does not hold over wide ranges. 

The most extensive series of experiments on the relation be- 


1 Hittorf, Wied. Ann. xx. p. 72(5, 1883. 

2 Hens, Wied. Ann. liv. p. 244, 1895. 

3 Graham, Wied. Ann. Ixiv. p. 49, 1898. 

4 Wilson, I^hil. Mag. (5), xlix. p. 505, 1900; Pror. Catnb. Phil. Soc. xi. pp. 249.391 
1902. 


5 Skinner, Phil. Mag. (6) ii. p. 616. 1901. 

6 Heuse, Ann. d. Phys. v. p. 678, 1901. 

7 Alatthies, Ann. d. Phys. xvii. p. 675, 1905; xviii. p. 473. 1905. 

8 Kaufmann, Phya. Zeita. iv. p. 578, 1903. 

9 Stark, Phya. Zeita. iv. p. 535, 1903. 
lo Stuchtey, Inaug. Diss. Bonn, 1901. 
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tween the potential gradient and the pressure and current density 
are those made by GehlhofE * on carefully purified nitrogen over 



Fig. 140. 



pressures ranging from *05 to 1*0 mm. and currents ranging from 10 
to 100 milliamperes, and by Matthies and Struck^ also on nitrogen 
and through a pressure range of 5 to 160 mm. and current densities 
of *02 to 40 amp./cm.2 The diameter of the quartz tubes they used 

1 E. Gehlhoff, Verh, d. D. phys. Ges. xxi. p, 349, 1919. 

2 W. Matthies and H. Struck, Verh. d. D. phys. Qes. xiv, p. 83, 1912, 
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in their experiments was very small and the tubes became so hot 
that the quartz became conducting and the method of outside 
probes could be used. The results of Gehlhoff*s experiments are 
given in Figs. 139 and 140, those of Matthies and Struck in Figs. 
141 to 143. 

The gradient increases very quickly as the area of the cross- 
section of the tube diminishes; this is shown in the graph given in 

Fig. 144 due to Matthies and Struck. The gas was nitrogen at a 
pressure of 8 mm. 



Influence of the Gas on the Potential Gradient. 

The potential gradient is much affected by impurities in the gas, 
thus Gehlhoff in his experiments on nitrogen found that the removal 
of the last trace of impurity increased the potential gradient 50 per 
cent. The gradient is so susceptible to changes in pressure and in 
current that the position of gases arranged in order of the potential 
gradient for a given current may be reversed by a change in density; 
an example of this is shown in Fig. 145, where the gradient in Hg is 
greater than that in nitrogen when the pressure is greater than 
13 mm., while at lower pressures nitrogen has the steeper gradient. 

Some information about the gradient in the positive column in 
different gases is given in the following tables, the first of which 
is due to Matthies* and the second to Heuse^. 

1 Matthies, Anti. d. Phifs. xviii. p. 473, 1903. 

2 Heuse, Ann. d. Phys. v. p. 078, 1901. 
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Table I. Matthies. 

Current through tube *25 milliampere. Diameter of tube 3*5 cm. 


I Potential gradient in volts per centimetre 

Pressure in i 


mm. of Hg 

1 

1 

Cl, 

HgCl, , 

Br, 

HgBr, 


Hgl, 

N 3 

1 

01 

1 

25 

38 

1 

1 

73 

1 1 

29 

_ 

0-4 

1 40 

66 

45 

139 

50 

53 

17 

0-9 1 

72 

127 

98 

227 

64 

114 

32 

1-4 ! 

120 

150 

145 

299-5 

75 

147 

43 

1-9 ! 

139 

202 

170 

1 

110 

j 165 

54 

2-35 

175 

222 

295 

1 

4 

142 

188 

62 

30 

1 

\ 

200 

1 

263 

1 

221 

I 

1 

200 

251 

77 


Table II. Heuse. 

Current through tube *52 milliampere. 



Hg 

He 

He 

H, 

N, 

Pressure 

13-1 

1 

12-5 1 

8 

8-37 

8-0 

Diameter of 
tube in mm. 

24 

1 

25 

25 

15 

15 

Potential 

gradients 

16-9 

! 34 

1 

22-7 

112 

156-8 



2 
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7njiuence of the Current Density, 

All tlie graphs represented in the preceding figures show a 
diminution in the potential gradient with an increase in the current. 
There are, however, cases when an increase in current produces an 
increase in the potential gradient. Some very suggestive results on 
this point were obtained by H. A. Wilson^, who worked with very 
small currents using apparatus represented in Fig. 146. 


A 



AB is the tube in which the main discharge takes place. The 
discharge is tapped by a narrow side tube CD with an auxiliary 
anode at Z); a positive column could be obtained in this tube with a 
current as low as 10“® amp. Wilson found that with these small 
currents the potential gradient at first increased with the current, 
then as the current further increased there came a region of in¬ 
stability, after that the gradient diminished as the current 
increased. When this state was reached the discharge became dis¬ 
continuous and a telephone placed in the circuit gave out a note 
which got higher in pitch as the current got bigger. The relations 
between the gradient and the current found by Wilson are given in 
Fig. 147. 

An increase in the potential gradient with current has also been 
observed by Wiirschmidt^, and Matthies {loc. cit.) in his study of 
discharge through the halogens has also found cases. 

1 H. A. Wilson, Phil. Mag. vi. p. 180, 1903. 

2 Wiirschinidt, Verh. d. D. phys. Ges. xii. p. 652, 1910. 
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The intermittance of the discharge, which as we shall see in 
Section K is present over very wide ranges of pressures and cur¬ 
rents, is of great importance in interpreting the results of experi¬ 
ments. For when the discharge is intermittent these are only mean 
values, the potential gradient measured is not the potential gradient 
in the luminous positive column but the mean of that value and 
the one where the discharge is interrupted. 



Suppose, for example, that when the current either stops or 
decreases to a fraction of its maximum value the potential gradient 
IS greater than when the discharge is going, and this will tend to be 
the case as the whole e.m.p. of the battery or dynamo is thrown 
on the electrodes when the current stops, then an apparent dimi¬ 
nution of the potential gradient might really be due to the shortening 
of the interval between successive discharges in comparison with 
the time during which the discharge is maintained. A shortening 
might be expected with increased current, for the time between one 
discharge and another is generally the time required to charge up a 

condenser to a given potential, and this would diminish as the 
current increased. 

Theoretical Considerations. 

Before considering in detail the conclusions to be derived from 
the graphs, we shall discuss the mechanism of the positive column. 
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In the positive column there is a continual loss of electrons 
going on, owing to the following causes: 

1. Loss by diffusion to the sides of the tube. 

2. Loss due to the combination of electrons with neutral mole¬ 
cules to form negative ions. 

3. Loss due to the combination of an electron with a positive 
ion to form a neutral atom or molecule. 


The electrons are also losing energy by ionising the gas, by 
exciting luminosity, and through inelastic collisions with the mole¬ 
cules of the gas through which they are passing. 

When things are in a steady state there must be processes going 
on which keep the number of electrons constant by providing new 
electrons, and the energy constant by supplying energy from 
outside. 


Let us consider the loss of electrons through cause 1. The 
electrons diffuse more rapidly than the positive ions, so that the 
surface of the discharge tube gets negatively electrified, and 
attracts the positive ions in the ionised gas; these move towards the 
walls of the tube until a charge accumulates numerically equal to 
the negative charge on the glass, this forms what Mr Langmuir calls 
a sheath to the negative charge, and the two together do not affect 
the electric field in the gas, they form a double layer vnth a finite 
potential difference. The positive ions in the sheath are continually 
moving up to the surface of the glass, where they combine with the 
electrons. For things to be in a steady state all the positive ions 
w'hich come up to the sheath in unit time must in that time be 
neutralised by electrons, so that the number of electrons lost by 
diffusion to the sides of the tube in any time will equal the number 
of positive ions which strike against the walls of the tube in that 
time. If c is the velocity of mean square of the positive ions, 
the number crossing unit area in unit time is, if n be the density of 
the positive ions, nclV^. If the inner radius of the tube is a, the 
number of positive ions crossing the sheath between two planes 
separated b}^ a distance dx is 

27ra ilx. 


nc 




and this is the rate at which the gas between these planes is losing 
electrons by diffusion to the sides. 
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If u is the average velocity of the electrons parallel to the direc¬ 
tion of the current, the number of electrons passing across the 
section per unit time is 7i7ra^u, since in a column with uniform 
gradient the density of electrons is equal to that of the positive ions. 
The number which go to the walls of the tube in that time from the 
space between x and x 8x is, as we have seen. 


27ra 


nc <v 
— .ox. 


■v/Gtt 


hence the chance of an individual electron going to the walls of the 
tube while passing through the distance Sx is 


2 £ 
a u 



Next consider the rate at which the electrons disappear owing 
to the formation of negative ions. This question is considered in 
Vol. I. p. 143, and it seems that an electron would on the average 
have to make a definite number of collisions with the molecules 
before uniting with a molecule to form a negative ion; this number 
is independent of the pressure but varies enormously with the 
nature of the gas. Many gases, such as helium, neon and argon, do 
not form negative ions, so that in these this source of loss need not 
be considered. For other gases, if L is the free path of the electron, 
the chance of its making a collision in a distance dx, is dxjL, and if 
the electron has to make collisions before it unites with a mole¬ 
cule to form a negative ion, the chance that the electron is captured 
in going through the distance dx is 

dx U 

NL ^ u ’ 

where U is the velocity of mean square of the electrons. The 
factor Ulu has to be inserted because the electron, when it goes 
from one point to another, traverses, owing to the deflection of 
its path, a much greater length than the shortest distance between 
two points. 

We should expect the loss due to the combination of an electron 
with a positive ion to be small compared with that just considered, 
because except for very large currents the number of })ositive ions 
is very small compared with the number of uncharged molecules. 
The loss would, however, have to be taken into account with very 
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intense currents as in the arc discharge. As, however, very little is 
known about the recombination of electrons and positive ions, we 
shall leave it out of account for the present. 

If we denote the chance that an electron is lost in going through 
a distance Sx, by diffusion by ^iSx, and that by combination with 
a molecule by g 2 ,^x, then the chance that an electron is lost by going 
through a distance §2 is ghx, where g = g^ + g^- 


Consider now how a stream of electrons would decay in con¬ 
sequence of this loss. If n is the density of the electrons at any place, 
ti the velocity, we have 


A 

dx 


(nu) = — gnu. 


Thus if between two planes distant ^ and ^ respectively from 
the plane AB, qd^ electrons are produced in unit time, the flux of 
electrons it will produce across AB will be e-^^q d^\ 5 - is the rate of 
ionisation per unit volume at the place defined by in a uniform 
positive column q will be constant. We shall now proceed to find 
the rate of ionisation at AB due to this flux of electrons. The elec¬ 
trons crossing AB will have a wide range of velocities, some of them 
will have been liberated close to AB and 'will have only acquired a 
small amount of energy from the electric field, too small to enable 
them to ionise, others will have been liberated farther away and will 
liave acquired enough energy to ionise by collision. For energies of 
the order of those acquired by electrons in the positive column the 
number of electrons produced by an electron with energy T per 
unit length may be taken as p. (T — Ke), where K is the ionisation 
potential of the gas and fx a quantity proportional to the pressure; 
the values of fxe—C for different gases are given on p. 95, If X is the 
constant force in the positive column, the energy acquired by an 
electron in a distance $ is if it does not make any collisions; 

thus if Xe^ is < Ke, or f electrons coming from i do not 

liberate any other electrons by collisions at AB. 

Let us now consider electrons coming from greater distances. 
We shall suppose that they do not lose energy by collisions unless 
these result in ionisation and that then the loss of energy is Ke; 
there would be some loss of energy if the energy of the electron 
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exceeded the resonance potential, but we shall neglect this for the 
moment. Under these conditions, if T be the energy of the electron 
at a point x, 

^ = Xe ~ fi. {T - Ke) Ke. 

The solution of this is 

T ~ Ke = ^ (1- 
where O is a constant. 

If a; = 0 where T — Ke = 0, this equation becomes 

r - /fe = ^ (1 - ; 

if ^ is the distance from AB at which the electron starts 

^ = x + KIX, 

X 


thus 


T — Ke^ 






( i— 




The flux of electrons ^ at ^ when it reaches AB is reduced to 
€~'^^ q and the ionisation each electron produces is /x (T — Ke) 
per cm. 

Substituting the value of T’ — Ke just found, we find that the 
rate of ionisation 2 X AB per unit volume is 

X 

qX /I 1 \ 

~ K ■ ^ \g ~~ ■ 

This is the rate of ionisation at AB. As the ionisation is constant 
along the positive column it must be equal to q^ hence 


X oK 


fxeK 


^ ‘9(9 + H^eK) 


r,T = 1 


( 1 ), 


or, if 9 is written for gK/X, 


= r 


fteK 


{9 + fj-cK) ’ 

an equation to determine X. Since the right-hand side of the 
equation is less than one, 9 must be less than *56, and hence 

X > I'lSgK. 
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When fxeKjg is large, X will approximate closely to l^lSgK; when 
fie Kjg is small, the approximate value of 6 is fiKafg and the corre¬ 
sponding value of X is g^jfie. 

To find the connection between X in the uniform positive 
column and the pressure of the gas we notice that fx is directly pro¬ 
portional to the pressure and that 

_ 2 c 1 . 1 

^ ' w NL' 

Since V is the velocity of the mean square of the electrons, mU^j^ 
is the mean kinetic energy of the electrons, but this will not be the 
mean kinetic energy of the molecules of the gas in the tube, for each 
electron in the interval between two collisions receives from the 
electric field an amount of energy far in excess of the mean kinetic 
energy due to thermal agitation. The experiments of Townsend 
{Electricity in Gases, p. 180) show that Uju increases with the 
pressure, while L is of course inversely proportional to it. The first 
term in the expression for g depends upon the cross-section of the 
tube but not upon the pressure, the second term increases with the 
pressure but does not depend upon the cross-section. Thus with 
very narrow tubes g and therefore X may be independent of the 
pressure, while with large ones g and X will increase with the 
pressure. 

With regard to the effect on X of the current density ^, though i 
does not appear explicitly in equation (1) it may affect the values 
of the quantities represented by g, fi, and K. 

Thus, for example, when the current increases the density of 
the electrons and positive ions also increases, this increases the loss 
of electrons by the recombination and therefore g\ this would in¬ 
crease the potential gradient, while the usual effect of an increase in 
current is to diminish it. 

Though, as we have seen (p. 364), the diminution in the density 
of the gas due to the heating of the gas by the current is not suffi¬ 
cient to account for the "whole of the decrease in the gradient, yet 
it must produce some effect, and the effect in Matthies and Struck’s 
experiments will be greater than in the cases before mentioned, 
as the currents they used were much greater. How great this 
heating effect may be is shown by the arc discharge, which is of the 
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same nature as the positive column, and with carbon electrodes has 
the temperature 3000^^ C. or more. 

Again, the increase in the current increases the luminosity and 
radiation emitted by the gas, and exposure to radiation makes the 
gas more easily ionised^ ; this is equivalent to a diminution in /v and 
therefore diminishes the potential gradient. An increase in current 
will also increase the possibility of a molecule being ionised not by 
one collision but by two following each other at short intervals, 
though neither of these by itself could ionise the molecule; an in¬ 
crease in the current would diminish the interval between two 
collisions and thus increase the probability of ionisation and thereby 
diminish the potential gradient. 

There is also the effect to which we have already alluded of the 
effect of increase in current on the period of intermittence; the 
current in many of these experiments on the potential gradient 
must have been intermittent and with intermittent discharges we 
should expect a diminution of the gradient with increase in current. 

Another effect which would be produced b^’the current and which 
may well be the most influential of all is the prevention of the for¬ 
mation of negative ions. The enei'gy required to detach an electron 
from a negative ion must be small compared with the ionisation 
potential. The light quanta from the brilliant luminosity produced 
bv the current miglit be sufficient to detach an electron from a nega¬ 
tive ion though not from an uncharged molecule. The current in this 
way might tend to prevent the formation of negative ions or detach 
the electron as soon as the ions were made, this would lessen the 
loss of electrons by combination with molecules and thus diminish 
the value of g and thereby that of A”. 

The graphs representing Gehlhoff’s and Matthies and Struck’s 
experiments bring out the following points: 

The gradients in the purer nitrogen used by Gehlhoff are greater 
than those in nitrogen in which it is probable that there was a small 
amount of impurity. 

For small pressures and current densities the relation between 
gTfidient and pressure is a linear one and but little affected by the 

1 J. J. Thomson, Pror. xl. p. TJ), 1928. 
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current density; this relation holds up to higher pressures when the 
current density is small than when it is large. 

With large current densities and high pressures the gradient 
varies very slowly with the pressure. 

The variation of the gradient with the cross-section of the tube 
is very rapid when the cross-section is small (Fig. 144). 

An empirical formula due to Kaufmann^, 

log (gradient) = ^ ^ log i, 

where A and B depend upon the pressure and area of cross-section, 
represents the results up to a current density of 1 amp./cm.^ with 
considerable accuracy. 

Section E. The Striated Positive Column. 

The positive column under certain conditions, instead of being 
continuous and of approximately uniform luminosity, shows a 
succession of bright and dark bands in regular order such as are 
represented in Fig. 116. This figure is taken from a paper by De la 
Rue and MUller, who made a long series of very interesting re¬ 
searches on this phenomenon, which is one of the most beautiful 
and varied of all those associated with the discharge of electricity 
through gases. 

Sometimes the luminous bands are thin and sharply defined and 
are separated from each other by dark bands of much greater 
width. Under other conditions the bright bands are broader than the 
dark, and their edges rather nebulous. Sometimes, too, the bright 
bands occur in pairs close together, each pair separated from the 
next bv a dark band much w’ider than the interval betw^een the 
constituents of the pair, and sometimes there are more than twm 
associated in this way. Crookes^ showed that the constituents of 
such groups often gave dift’erent spectra, e.g. the one nearest the 
cathode gave the mercury spectrum, the other that of hydrogen. 
The positive column sometimes is neither wholly striated nor 
wholly uniform, often there are one or two striations at the end of 
the positive column nearest the cathode while the rest of the column 

1 Kaufmann, see Gehlhoff, Ua/idbuck der Elektricitdt u. MagneiismuSy iii. p. 804. 

2 Crookes, Proc. Poy. Soc. Ixix. p. 399, 1902. 
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is continuous. The distance between successive striations depends 
on the pressure of the gas, the current density, the diameter of the 
discharge tube and the nature of the gas. Striations are only to be 
seen within somewhat narrow limits of pressure and current. Holm^ 
showed that the regions on the pressure-current diagram where 
striations occurred are bounded bv closed curves. It will be seen 
that at some pressures there are no striations whatever may be the 
current density, and some current densities when there are none, 
whatever may be the pressure. So that in order to be sure that a 
gas cannot give striations it is necessary to make experiments over 
the whole range of current density and x^ressure. The shape of the 
striations is influenced by the electric charges on the walls of the 
tube; they are convex to the cathode. 

The striations may not be steady but wander about in the tube, 
and if this movement is very rapid it may cause a spurious uni¬ 
formity in the appearance of the discharge when observed directly; 
observation of the column in a rotating mirror would show that it 
is striated. 

One very remarkable feature about striations is that they are 
not produced nearly so readily in pure gases as in mixed, even a 
very small amount of contaminatiou is sufficient to bring out the 
striations. Indeed it has been questioned whether stiuations have 
ever been observed in quite pure gases. The most stringent attempts 
to purify hydrogen have not succeeded in getting rid of striations 
in that gas; the character of the striations changes, however, when 
the purification has been carried beyond a certain stage. In tlie 
very purest hj-drogen the striations are broad and red, but the 
addition of a very small amount of impurity quite changes their 
cliaracter; it seems doubtful, too, whether any one has succeeded in 
eliminating striations from mercury. In many ijurified gases, how¬ 
ever, such as nitrogen, striations liave not been observed. It must 
be remembered in considering this question that the striated dis¬ 
charge has not the held to itself, it is in competition, so to speak, 
with the uniform positive column. Even if it were produced it 
would at once change into the uniform discharge if the latter could 
carry the same current with a smaller potential difference between 


I Holm, Phys. Zeits. xxv. p, 407, 1924. 
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its extremities; it would then be the more stable form and the striated 
discharge would pass into it. 

Striations, however, are by no means confined to the positive 
column in the glow discharge, they occur frequently when we have 
a stream of electrons passing through a gas at an appropriate 
pressure. An example of this, when the stream of electrons was 
produced by bombarding an insulated plate with a stream of 
cathode rays until the negative electrification it received rose to 
a point where it discharged itself through the gas, is given on p. 343. 






Graham^ has shown that the effect of impurities is not confined 
to the striations and that they make the electric force in the im- 
striated positive column much more irregular than it is in the pure 
gas. This is shown by Figs. 148 and 149. 

Fig. 148 represents the distribution of electric force in impure 

I Graham, Ann» Ixiv. p. 49, 1898. 
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nitrogen. Fig. 149 the distribution in nitrogen -which had been 
carefully purified. 

Distribution of Electric Force in the Striated Column. 

The earlier experiments were made by measuring the potential 
difference between two probes placed in the discharge at a dis¬ 
tance of a millimetre or so apart; there was some device by which 
if the electrodes were fixed the probes were moved between the 
electrodes or else, as in the method used by H. A. Wilson*, the 
probes were fixed and the electrodes moved. The arrangement is 
shown in Fig. 150. The electrodes C and D were connected by 



Fig. 150. 

springs with electrodes fused in the tube. A piece of iron was fixed 
to the frame carrying the electrodes and was moved along the tube 
by a magnet. The probes were cold and so the potential measured 



by either might be liable to error, yet as it was the difference of 
potential between two probes close together which was measured, 
many of the errors which occur in the use of a single probe would 
cancel. Fig. 151 gives the results obtained in hydrogen by this 

I H. A. Wilson, Phil. Mag. (5), xlix. p. 505, 1900. 
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method. It will be seen that the alternations in the luminosity are 
accompanied by alternations of force, maxima of the electric force 
occurring in the bright parts of the striations, minima at the dark 
parts. In this example there is not much variation in the maxima 
from one striation to another; this, however, is not always so. 
Graham found that in some cases {loc. cit.) the maxima get smaller 
and smaller as the distance from the anode diminishes. This is an 
illustration of the fact that striae are most readily developed at the 
negative end of the positive column. Thus if the pressure be gradu¬ 
ally reduced to that at which striations occur, the first appearance 
of striation is the formation of a single stria at the end of the posi¬ 
tive column. Successive striations are then formed until the whole 
of the positive column is striated. The stria at the end of the posi¬ 
tive column always retains some individuality, thus its distance 
from its next neighbour is greater than the average distance: it is 
also brighter than the other striae. 

J, J. Thomson* made some experiments on the distribution of 
the electric force in the striated column, using instead of a cold 
cathode a hot wire one which gave much more regular results. He 
compared the results he got b}’’ using two probes close together, as 
in the method just described, with the much more convenient 
method described on p. 298, and found that the two methods gave 
the same results. He found that a great increase in the force oc¬ 
curred at the bright front of a striation (the part facing the cathode), 
indicating a great accumulation of negative electricity in that region; 
this w^as so intense that w'hen this part of the striation was brought 
up to the pencil of cathode rays used in the second method, the 
bright phosphorescent spot moved off as abruptly as if it had been 
struck by a blow. Just on the cathode side of where this occurred 
there was in many cases a small negative force, i.e. a force in the 
direction Avhich would tend to stop the electrons going to the anode. 
These negative forces, however, attain theii* greatest development 
when the current is reduced until the discharge is no longer striated; 
the potential difference between the probes is now greatly increased 
and large negative forces occur in the neighbourhood of the 
anode. Sometimes the region in which the force is negative extends 
to a considei'able distance from the anode, in one case a negative 

I J. J. Tlioinson, Phil. Mag. p. 441, 1909. 
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force for two-thirds of the distance from the anode to the cathode 
was observed. As the electrons in the pencil of cathode rays used to 
measure the force have exceedingly small mass, they are able to 
follow very rapid variations in the electric field; and by this method 
the gradual establishment of the steady discharge and the change 
in the direction of the electric force can be observed. Thus if, when 
the steady current is small and the potential difference considerable, 
the pencil of rays passes transversely through the discharge near 
the anode, then immediately after the application of the potential 
difference, when the current first starts through the tube, the 
phosphorescent spot is repelled from the cathode, indicating an 
electric force in the normal direction. This repulsion of the cathode 
rays is, however, only momentary, the spot jumps back and after 
a short interval is attracted towards the cathode, showing that the 
force in this region is now negative. Thus, during the interval, the ions 
in the gas and those clinging to the walls of the tube have rearranged 



themselves so as to reverse the forces in the field. This momentary 
deflection is much more perceptible near the anode than some dis¬ 
tance away from it; the rearrangement seems to spread from the 
cathode and to be established so rapidly close to that electrode that 
there is no time to observe it, while further away from the cathode 
the steady state is reached after longer and longer intervals, which 
become long enough to be perceptible. The distribution of tlie 
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electric force, when it becomes slightly negative at some parts of the 
striation, is shown in Fig. 152. The cathode is 
to the left, the dark parts of the striations are 
blank and the bright ones hatched. 



J. J. Thomson has used another method for 
measuring the distribution of electric force in 
the striations. « 


1 mm. 


The discharge tube is a long straight tube, 
the anode can be moved along the tube by the 
action of a magnet on a piece of iron fastened 
to the back of the anode, a probe dips into the 
negative glow and the difference of potential 
between it and the anode is measured by an 
electrometer. Suppose we start vdth the anode 
in the negative glow, there is no potential differ¬ 
ence between it and the probe; if the anode 
is gradually drawn away from the cathode no 
difference is observed until the anode leaves 
the negative glow, then a potential difference 
begins to be established, but there is no 
luminosity to be seen either on the anode itself 
or in the gas between it and the negative glow. 
Withdrawing the anode still further the poten¬ 
tial difference increases and a very thin velvety 
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glow appears over the surface of the anode; this 
is the stage when the potential difference is 
equal to the resonance potential. AVithdrawing 
the anode still further the luminosity at the 
anode gets thicker and thicker, but if the tube 
is in the condition to show striations, after the 
luminosity has attained a certain thickness it 
breaks away and there is again a dark space 
at the anode. On increasing the distance still 
further the velvety glow appears again on the 
anode, the process is repeated and a second 
striation launched from the anode. The growth 
of the striations is shown in Fig. 153. 
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Fig. 153. 
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The measurement of the potential difference between the probe 
and the anode as the anode recedes from the cathode gives the 
distribution of electric force in the striations. 

McCurdy^ and Compton, Turner and McCurdy^ have measured 
by Langmuir’s probe method the potentials at various points in the 
striated discharge in mercury vapour; the distribution of the poten¬ 
tial is represented by the continuous curve in Fig. 154, the dotted 



line that of the electric force from earher measurements with the 

older method. The changes in the potential gradient do not 

seem as pronounced as those found by the other methods, which 

have, however, the advantage of measuring directly the potential 

gradient, while in the one probe method it is deduced from the 

measurements of the potential at two places a considerable distance 

apart. Again the currents through mercury vapour are in general 

of a different order of magnitude from those in the ordinary glow 
discharge. 

Theory of the Striated DiscJiarge. 

From these experiments we deduce that the distribution of the 
electric force in the neighbourhood of the striations is as follows. 
Starting from a point in the Faraday dark space, a short distance 
from the bright head of the first striation, the electric force is at first 
very small, it increases rapidly and is comparatively large when the 
bright fiont of the striation is reached, it goes on increasing for some 
time but begins to diminish after the anode side of the bright part of 
the striation is passed, it falls to a low level and then begins to rise 
again as it did before and another cycle begins at the next striation. 

1 McCurUy, Phil. Mag. xlviii. p. 898, 1924. 

2 Compton, Turner iintl McCurdy, Pkys. Itev. xxiv. p, 597, 1924. 
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TMs relation between the electric force and the luminosity is 
exactly what we should expect if a jet of electrons starting from a 
place where the electric force is small were to move towards the 
anode. The electrons, since they carry a negative charge, will cause 
the force on an electron to increase as it moves towards the anode, 
and thus the energy of the electron will increase continually; the 
electron will not, however, excite luminosity until its energy 
reaches that corresponding to the resonance potential of the gas, 
or of one of its constituents if the gas is a mixture of different gases; 
until this energy is reached the discharge is not luminous. When 
the light first appears, since the resonance potential is less than the 
ionisation potential, there will be no ionisation and the electrification 
will still be negative, and the electric force will therefore continue to 
increase. When theenergyof an electron reaches the ionisation poten¬ 
tial, ionisation will begin and electrons and positive ions will be pro¬ 
duced. The electrons in consequence of their much greater mobility 
will move away quickly and on the balance the ionisation will add a 
positive charge to the place where it occurred. This will diminish the 
previous negative charge and so slow down the rate at which the 
electric force is increasing. The energy of an electron will, however, in¬ 
crease for some time after ionisation has commenced and will produce 
increased ionisation and therefore increased positive electrification. 
When the positive ions have increased to such an extent that they 
swamp the negative electrification due to the electrons, the electric 
force will reach its maximum; afterwards it will diminish and fall 
below the value necessary to supply to the electrons the energy 
they lose by inelastic collisions. The energy of the electrons may 
then fall below the ionisation potential and then below the reso¬ 
nance potential and there will be neither ionisation nor luminosity. 
The electrification will again become negative and the electric force 
begin again to increase and the process will be repeated. The stage 
after the electrons have attained their maximum energy may be 
compared with the negative glow where the ionisation is produced 
by the high-speed electrons coming from the cathode dark space, 
the dark stage on the anode side of the striation to the Faraday 
dark space. Thus we should expect a jet of electrons lasting only 
for a short time would produce a stratified discharge in a gas. 

On this view the luminous portions of striations correspond to 
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the negative glow, the intervening dark spaces to tlie Faraday dark 
space, the process occurring along the positive column being a 
repetition of that taking place near the cathode. The similarity 
between the striated positive column and the phenomenon at the 
cathode has been insisted upon by several observers, notably by 
Spottiswoode and Moulton^, Goldstein^ and Lehmann^, Goldstein's 
statement is very clear and explicit. He says: ‘‘Jede einzelne 
Schicht des positiven Lichtes ist ein dem frliher sogenannten 
negativen oder Kathodenlichte entsprechendes Gebilde, und das 
geschichtete positive Licht besteht eigentlich aus einer Aufein- 
anderfolge von Komplexen negativen Lichtes.” 

If, however, the jet were to continue, it would seem that 
except under exceptional circumstances the striations could not be 
maintained. The positive ions have in some way or other to be 
cleared away if the discharge is to attain a steady state. They will 
move under the electric field, though much more slowly than the 
electrons, and this movement would tend to wipe out inequalities 
in the electric force unless a positive charge was neutralised by re¬ 
combination with an electron before it had time to move throusrh 
more than a small fraction of the length of a striation. 

Though the equations which represent the conditions of the 
striated discharge are too complicated to admit of an exact solution, 
they give some indications of the properties of the gas which may 
influence stratification. 


Using the same notation as that used for the uniform positive 
column on p. 376 we have 


We have also 


dx 


= Xe — (T — Ke) Ke 


( 1 ). 


dJC 

dx 


= 4:7t (n — N) e 



where n and N are the densities of the electrons and positive ions 
respectively. 

1 Spottiswoode and Moulton, Phil. Trans, clxx. p, 203, 1870. 

2 Goldstein, Berlin. Monatsber. 4, 1870. 

3 Lehmann, Die elektrischen Entladungen, 
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If % is tlie current density, then assuming that owing to the 
greater mobility of the electrons the current is carried by them. 


t = neu, 

where u is the average velocity of an electron. 
By the equation of continuity 

~3i'^ dx = S' — 



where q is the ionisation in unit volume per second, g is the same as 
on p. 376, and a is the coefficient of recombination of the electrons 
and positive ions, 

g = /X (T — Ke) nu. 

In the steady state dnjdt = 0, and since 

Tx 



hence 


iV = i {/i (T — Ke) u — gu}. 


Substituting this value in equation (2) we get 


dX 

dx u 





The mean forward velocity u may differ considerably from the 
velocity U of mean square of the electrons. The directions of 
motion of the electrons are changed by collisions with the mole¬ 
cules of the gas, and only a proportion, possibly a small one, of the 
energy given to the electrons by the field appears as motion in 
that direction. 

We will write U = ku and since T = \mTJ^ equation (4) becomes 


dX 47Tek [i I , ir 2T 

dx (2T/w)^|_e a mk^ 

From equation (1) we have 


dT 

dx 


Jr fx{T - Ke) Ke = Xe, 



and hence 


d^T , j. dT dX 
dx^ ^ ^ dx ^ dx' 






DISCHARGE THROUGH GASES AT LOW PRESSURES 


391 


dX 


Substituting the value for in equation (5) we find a dif¬ 


ferential equation for T; it is not of a kind which gives much promise 
of a simple solution, but we can obtain useful information from it. 
If we put T Ts <f> y where is constant and equal to its value 
in the unstriated column and ^ is a small quantity whose square 
may be neglected, we get an equation of the form 


d^<f> 

dx^ 


+ fjuKe 


d<f> 

dX 


a.<f>y 


which when a is within certain limits represents a periodic solution; 
thus the equation for T can give periodic variations. 

From (5) X will have its maximum value, i.e. dXfdx = 0, when 


- T [Ke + ^ 


a m 
'‘2e fjL 


Thus, if cx.imk^l2eyu is very small compared with then T= 

and if is also very small T will never exceed Ke by more than 
a very small quantity, and the maximum electric force will be 
attained practically as soon as the electron begins ionising, and will 
be approximately equal to that at the end of the Faraday dark 
space; as the space-charge equation holds here 


and 



C.i^ x^. 


or 


X=^Ci.V„i a. 


where Fy is the whole potential drop in the region of the space- 
charge and is less than K. 

The maximum value of T will be when dT/dx = 0, and thus, by 
equation (1), the maximum value of T — Ke will be when 


T~Ke 


X 

fxK’ 


If on the right-hand side we insert the maximum value of X we 
shall get a value greater than the maximum value of T — /le, hence 


T ~ Ke c ^ Ci K-^ 
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thus when ^ is very large, T will never rise appreciably above Ke 
and there will be no striations. 

There are no measurements available of a for electrons, but 
unless it is much larger than for negative ions oLimlc^l2e^fjLK^ will 
be small, and there will be no striations. 

But one case requires further consideration, and that is the one 
where though <xim]c^l2 €^is small, gjfx is comparable wdth Ke. 
Here 

T = Ke -J- gjp, 

so that under these conditions T may differ appreciably from Ke^ as 
it does in fact in the striations. In this expression the quantity Xjg 
is the distance the electron travels before disappearing either by 
diffusion to the walls of the tube or by joining on to a molecule of the 
gas and becoming a negative ion. In pure inert gases and in nitrogen 
the second source of loss does not exist and in wide tubes g would be 
ver^^ small and the condition that g/p, should be comparable with 
T not satisfied. This condition maj'’ be important in connection 
with the effect of impurities in producing striations, for the im¬ 
purities which produce most marked effects are the electronegative 
elements chlorine and iodine, which are also the most effective in 
producing negative ions. It must be remembered that the conditions 
for tlie existence of negative ions in a gas through which an electric 
current is passing, when there is not only luminosity but also ionisa¬ 
tion and recombination, may be very different from those for a gas 
in a normal state. The passage of the current produces radiation 
having quanta ranging upwards from the lowest resonance potential 
to, it may be, but little less than the ionisation potential, and though 
this radiation may not be able to detach an electron from an un¬ 
charged molecule of the gas, it may be able to do so from a negatively 
electrified ion, which requires the expenditure of less work than to 
extract one from the same molecule when uncharged. Thus in a 
pure gas, w^here all the molecules are of one kind, the radiation may 
reasonably be expected to break up the negative ions as fast as they 
are made. The absence of the negative ions would decrease the 
value of g 

gjp small compared with Ke and therefore prevent striation. 
Though the radiation emitted by the molecules of a gas may prevent 


very greatly in any but narrow tubes and thus make 
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the formation of negative ions of that gas it does not follow that it 
eould prevent the formation of negative ions of another gas, such 
as chlorine, which might require greater energy to separate the 
electron from the molecule. It has not been found possible to get 
rid of the striations in hydrogen by purifying the gas, the ‘ striations ’ 
in the most carefully purified gas are broad and red, while in impure 
gas at the same pressure they are narrow, sharp and bluish; they 
differ widely in their properties, e.g. variation of length of striation 
with current and \vith pressure, from other striations, and give 
every indication of a different origin. 

On the theory of the formation of striations we have been con¬ 
sidering there must in the first striation, i.e. the one nearest the 
cathode, be a difference of potential greater than the ionisation 
potential, for the electron begins with very little energy and before 
it leaves the striation has sufficient energy to produce considerable 
ionisation, it must therefore have fallen through a potential greater 
than the ionisation potential of the gas. In the succeeding striations 
the range of potential need not be so large, for the dark spaces will 
occur if the energy of the electron when in these sinks below the 
energy corresponding to the resonance potential. Th\is in the 
second and succeeding striations it might be sufficient if the range 
of potential in each of them was greater than the difference between 
the ionisation and the resonance potentials. The experiments of 
Wehner^, Neiibert^, and Holm3 sliow that with increasing current 
density the differences in potential between corresponding points 
in adjacent striations diminish to a constant value, independent of 
the pressure of the gas and the diameter of the discharge tube; in 
hydrogen free from mercury vapour this is 12 volts. In mercury 
vapour, according to Compton, Turner and McCurdy 4, it was some¬ 
thing more than 5 volts; in helium it was found by McCurdy and 
Dalton5 to be 20 volts. It might be expected that the values found 
by different experimenters under different conditions and witli 
different types of striations would show considerable variation. This 
is another case where the broad red striations in very pure hydrogen 

1 Wehner, Ann. d. Phys. x.xxii. p. 49, 1910. 

2 Neubert, Ann. d. Phys. .xlii. p. 1454, 1913. 

3 Holm, Siemena-Konz. iii. p. 159, 1923. 

4 Compton, Turner and McCurdy, PJnjs. Rev. xxiv. p. 597, 1924. 

5 McCurdy and Dalton, Phys. Rev. xxvii. i>. 1G3, 1926. 
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differ from other striations, for with them at pressures greater than 
1 mm. Hg the range of potential increases linearly with the pressure. 


Variation of the Distance between Striaiions with the 

Current Density. 

The change in the distance betw^een the striations with the 
current density is a very complicated one. The first experiments 
were made by AVillows^ and indicated that starting with small 
current densities the distance at first increased, attained a maximum 
and then diminished continually as the current increased. Later 
experiments made b}^ Riecke^, Geiger 3, Fischer 4, and above all by 
WehnerS, have showm that in hydrogen, nitrogen and CO 2 the dis¬ 
tance betw'een the striations approaches a constant value as a limit 
when the current increases; this limiting value is greater at low 
pressures than at high. Before reaching the limit, the distance in 
hydrogen increased as the current diminished, while in CO 2 the 
change was in the opposite direction. 


The wide red striations in very pure 
this law, for the distance between them does not approach a con¬ 
stant value as the current density increases. 


hydrogen do not follow 


If we look at the question from the point of view of the theory 
just given we see that we might expect that an increase in the 
current would shorten one part of the striation and lengthen the 
other. 


In the pai*t of the striation nearest the cathode, where there is 
no ionisation and where the relation between potential and current 
is that given by the space-charge law, = Cid'^^ where F is the 
change in potential in the distance d and i the current density; w’^e 
see that the distance required to get up to the ionisation potential 
w’ill vary as \ji^y so that an increase in i will shorten this distance. 

In the second part of the striation, where ionisation has com¬ 
menced and the energy acquired by the electron in the first stage is 
gradually being spent in ionisation, the conditions are analogous 

1 Willows, Proc. Camb. Phil. Soc. x. p. 302, 1900. 

2 Riccke, Ann. d. Phys. xvi. p. 282, 1905. 

3 Geiger, Diss. Erlangen, 1906. 

4 Fischer, Diss. Erlangen, 1909. 

5 Wehner, An7i. d. Phys. xxxii. p. 49, 1910. 
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to those in the unstriated discharge and we know (see Fig. 143) that 
here the potential gradient diminishes very rapidly at first with in¬ 
crease in current density, and ultimately when the current becomes 
large approaches a constant value which is lower, the lower the 
pressure. Thus the rate of loss of energy of the ions diminishes as 
the current increases, and a greater distance is required to cause 
a given loss, so that the second part of the striation will widen 
as the current density increases. Since the potential gradient 
approaches a limit as the current increases, the thickness of the 
second part will do so also. The thickness of the first part con¬ 
tinually diminishes as the current increases, and thus ceases to be 
important at high current densities; thus the length of the striation 
will approach a definite limit, and this is in accordance with ex¬ 
perience. 

Neubert* has shown that the average potential gradient in the 
red striated discharge in very pure hydrogen is the same as the 
average gradient in the unstriated discharge in that gas, so that in 
this case the potential difference betw^een the beginning and end of 
the positive column would not be altered by the passage from the 
striated to the unstriated form of discharge. Since there is no change 
in the potential difference for a given current the passage from one 
form to another could not be accounted for by considerations of 
energy. As these striations generally behave differently from all 
other kinds of striations, this is no guarantee that the same result 
would be true for normal striations. 

Goldstein*s Law. 

The length of the striations in general increases as the pressure 
diminishes and Goldstein^, in 1881, gave as the relation between 
the length and pressure, 

i __ 

h \p) ^ 

where I is the distance between the striations when the pressure is 
p, /q that w'hen the pressure is ^q; the current density and the 
diameter of the tube being the same in the two cases, in is a constant 
which for hydrogen is equal to *53, which is not greatly different 

1 Neubert, Phys. Zeits. xv. p. 432, 1914. 

2 Goldstein, Ber. Monalaber. p, 876, 1881; Ann. xv. p. 277, 1882. 
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from -5, the value suggested in the next paragraph. Goldstein’s 
equation has been generahsed by Wehner so as to include the effect 
of the size of the tube; if a is the radius of the tube, then 

« \apj ’ 

where for hydrogen m = -53, and c is a constant independent of the 

depending on the current 

density. 

Willows {loc. cit.) showed that in hydrogen Z has a weU-marked 
mimmum at a pressure which, with the current used in his experi¬ 
ment, was about 1 mm. Zeleny ^ has confirmed this result. He finds 
that at the jiressure where the distance is a minimum the striations 
are bluer than they are at other pressures. This suggests that the 
cuives do not represent the effect of change of pressure on any one 



Fig. 155. Variation of distance between stris with pre.ssure. Gas stationary. 
Current = Gm.a. T, Hydrogen; II, Air; III, Oxygen; IV, Argon; V, Helium. 

type of striation but that in hydrogen there are two sets of stria¬ 
tions, one set blue and near together, the other red and at the same 
pressure farther apart than the blue, and that the proportion of 
blue is greater at low pressures than at high. Zeleny found that he 
could get red striations at one part and blue at another part of the 

1 Zeleny, Proc. Franklin Institute, ccix. p. 625, 1930. 
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same tube. Fig. 155 is Zeleny’s graph for the variation of the dis¬ 
tance with pressure and Fig. 156 the graph for the variation of the 



Pig. 156. Hydrogen. Current = 6 m.a. Gas flowing. I, distance 
between striae v.s. pressure; II, potential fall between stri®; 

III, energy acquired by electrons between striae; IV, energy 
acquired by electrons between striae. Gas stationary. 

potential gradient with the pressure; it will be seen that there is no 
minimum for this. At the same pressure he found the potential 
gradient for the red striations was 30-5 volt/cm. and 35-0 for tlie blue. 

Variation of the Length of the Striations %vith Pressure. 

On the theory we are considering the thickness of the first part 
of the striation will not depend upon the pressure of the gas, while 
from the results obtained in the unstriated discharge the potential 
gradient will diminish with the pressure, so that the length of the 
second part of the striation will increase as the pressure diminishes ■ 
since the length of the first part does not depend upon the pressure, 
the length of the whole striation will increase as the pressure 
diminishes. From the curves given on p. 368 we see that the effect 
of pressure on the gradient is much less when the current density is 
large than when it is small, so that the effect of pres.sure on tlie 
length of the striation will diminish as the current increases. A 
more detailed theory on these lines has been given by one of us 
(J. J. Thomson, Phil. Mag. xlii. p. 981, 1921) and lead.s to the 
conclusion that the distance between the .strijc is given by 
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Z = i 4 - Mjp-h, where the two terms correspond to the two parts 
of the stria. This would make the length of the second part of the 
striation vary as l/pi, where p is the pressure. 

Density of the Electrons along the Discharge. 

H. A. Wilson* was the first to make a series of investigations on 
this point. The method he used was to determine the current 
flowing between two small parallel plates, whose planes were parallel 
to the current. A small potential difference (that due to one Clark 
cell) was maintained between the plates, previous experiments 
having shown that with potential differences of this order the 
current was proportional to the potential difference and therefore 
that a field of this intensity did not reduce appreciably the number 
of free ions. The results of his experiments are represented in 
Fig. 157. It will be noticed that the current is very small in the 



Fig. 157. 

cathode dark space, rises to its maximum value in the negative glow, 
sinks again in the Faraday dark space and increases in the positive 
column. In the striated discharge the transverse current is a maxi¬ 
mum in the luminous parts of a striation, a minimum in the dark 
ones. The magnitude of the current is taken to represent the density 
of the electrons. Results in general agreement with this have been 

I H. A, Wilson, Phil. Mag. (5) xlix. p. 505, 1900. 
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obtained by Compton, Turner and McCurdy* using Langmuir’s probe 
method, but Van der Pol^ from measurements of conductivity, 
p. 352, finds the density least in the bright portions. 

The electric force is larger in the bright parts of the striations 

than in the dark, so that electronic density and electric force increase 

or decrease together. This could not happen if the average velocity 

of the electrons increased with the electric force, for since the 

current m the tube is constant the product of electronic density 

and average velocity must be constant too. In the bright parts 

of the striations there are fast electrons which ionise the gas by 

collisions; the electrons liberated by this ionisation will at first have 

but a small average velocity and will not be of much assistance in 

carrying the current, thus in the bright parts of the striations along 

with the fast electrons there are many slow ones which are counted 

m the various methods used to measure the density of the electrons 

but which do not carry much current. Thus, though there may be 

greater density of the electrons in the bright parts of the striations 

than in the dark, their average velocity in the bright parts may 

be less than in the dark and the current in one part the same as 
that in the others. 


Momng Striations. 

Wullner3 seems to have been the first to observe that when the 
electric discharge was viewed by reflection from a rotating mirror 
striae moving rapidly from anode to cathode were to be seen under 
certain conditions, though no striations were to be seen when the 
tube was viewed directly. Spottiswoode4. just a little later, made 
an extensive investigation on this subject. Aston and KikuchiS 
studied the effect in helium and neon and measured the velocity of 
the striations from the slope of the striations observed in a mirror 
rotating at a known speed about a horizontal axis (see Fig. 158). 

roughly the speed was 50,000 cm./sec. in neon 
and 100,000 cm./sec. m helium; these velocities are of tlie same order 
as the velocity of sound through these gases, but vary with the 

1 K. T. Compton Turner and McCurdy, Ph,js. Kev. .x.xiv. p. 597, 1924. 

2 \ <vn dcr 1 ol, Phil. Mag. xxxviii. p. 300, 1919. 

3 Wullnor, Pogg. Ann. Jubelband, p. 32^ 1874. 

4 Spottiswoode. Proc. Roy. Soc. xxv. p. Vs, 1870 

5 Aston and Kikuchi. Proc. Roy. >S'oc. xcviii. p. 51, VJ20. 
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pressure, increasing as the pressure diminishes. Too much im¬ 
portance should, we think, not be attached to the fact that the 
velocity of these waves varies, for the velocities of the pulses pro¬ 
duced by the passage of a spark through a gas have been shown by 
Tdpler^, Mach^, Foley3 to show large variations under different 



Fig 158 


conditions. For example, the velocity near the spark is much 
greater than the velocity of sound, and when the pulse passes through 
a tube its velocity is greater than in the open. It is remarkable that 
the range of pressure where the moving striations are observed is 
one where the intermittence of the discharge is very marked, 
suggesting that the motion of the striations may be due to puffs 
produced by the succession of explosions which form the inter¬ 
mittent discharge 

When the terminals of a discharge are placed very near together 
the discharge avoids the direct path and goes to the back of the 


r 


V 



Fig. 159. 


electrodes; an interesting modification of such an experiment is showm 
in Fig. 159, which represents an experiment made by E. Wiedemann 5 
in which the anode was enclosed in a narrow glass tube which 

1 Topler, Pogg. Ann. cxxxi. pp. 33, 180, 18(57; cxxxiv. p. 194, 1808. 

2 jMach, U iCH. Btr. Ixxvii. 2, p. 819, 1878. 

3 Foley, Phys. Rev. xvi. p. 449, 1920. 

4 J. J. Thomson, Phil. 2Iag. xi. p. 725, 1931. 

5 E. Wiedemann^ Wied. Ann. Ixiii. p. 242, 1897. 
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dipped into the cathode dark space; it wilJ be noticed that the 
positive light turns round after leaving the tube and joins the 
negative glow. 

Section F. Anode Drop in Potential and Anode Glow. 

Skinner* has shown that there is a finite difference in potential 
between the anode itseH and a point in the gas close to the anode. 
The magnitude of this drop in potential was measured by him for 
the discharge through pure nitrogen; he found that it was indepen¬ 
dent of the current density. In hydrogen and oxygen it was inde¬ 
pendent of the pressure, in nitrogen it seemed to increase slightly 
with the pressure. He found that the anode fall depended to a 
small extent upon the metal of which the anode was made, being 
usually greatest for aluminium and magnesium, for which the 

cathode fall of potential is least. His values of the anode drop 
are given in the table. ^ 


Anode fall in volts. 



Gas 

1 


1 


1 





1 


1 

1 

Gas 

1 pressure 
j (mm. of 

Pt 


Au 

Cu 

Fe 

Ni 

! Bi 

Sb 

1 Sn 

1 

Pb 

Cd 

1 2 n 

1 

A 1 

\ 

Ilg) 



1 - 




f 


J 



Hydrogen 

1-73 

1-71 

1-70 

18 - 0 ; 

18-4 

17-3 

18-4 
18-8 
17-7 1 

20-1 

19 o 

20-7 

18 - 9 

19 - 7 1 
20 0 

22-1 

18-5 

19-9 

19-3 

19-9 

180 

20-6 

1 

1 

20-8 

f 

1 

20-3 

20-7 

19-9 

20-4 

20-2 

19-1 

1 

201 

19-7 

Nitrogen 

1-39 

18-8 

191 

211 

19-7 

19-7 ; 

20*3 


1 

1 


206 

200 

19-7 

191 

196 

18-5 

22-2 
t 21 9 


1-37 

18-5 

ISO 

19-9 

19-0 

19-4 

19-4 




Oxygen 

1-20 

22-2 


24-3 

23-2 

23-8 

1 

23-5 


23-0 

21-2 


24-2 


0 

23-9 


Experiments on the anode fall in mercury vapour have been 

made by Wills^ and Matthies3. It varies very much with the 

pressure, being as low as 5 volts at -5 mm. and about 13 volts at 
•002 mm. 


In chlorine, bromine, iodine and the vapours of HgCL HgBr 
Hglg, Matthies4 found that the anode fall had exceptionally Idgh 

: 

3 Matthios, Verh. d. D. phys. Oes. xiii. p. .553. 1911. 

4 -Matthies. Ann. d. Phys. xvii. p. 07.5, 1905; xviii. p. 473. 1905. 
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values; these gases have also a very high potential gradient in the 
unstriated positive column. Itaisch^ found that unless the anode 
was attacked chemically the anode fall for these gases was not very 
different from that of nitrogen. In neon the anode fall is about 21, 
in argon from 5-8 to 11 volts. 

It must be remarked that the anode like the cathode fall of poten¬ 
tial is very sensitive to impurities in the gas and in the metal of 
which the anode is made; also to the size of the anode and its distance 
from the walls of the tube; so that too much importance must not 
be attached to these numbers, the results obtained by different 
observers difltering very widely. All, however, agree that the anode 
drop is much smaller than the cathode one; it is also much more 
abrupt. It has not yet been foimd possible to get so close to the 
anode that the potential of the exploring wire differed by less than 
the anode fall of potential from the potential of the anode. 

A very thin dark space next the anode was observed by Aston 
It is most easily detected when the anode is a carefully worked 
plane and highly polished. In the halogens and vapours of their 
compounds the dark space is very apparent. Marsh 3 showed that 
if a jet of electrons from a hot wire cathode in mercury vapour at a 
very low pressure was directed against a metal anode there was a 
dark space several millimetres long next the metal; he found also 
the same effect with hydrogen, nitrogen and oxygen. 

In nearly every case where metal is in contact with a glow pro¬ 
duced by an electric discharge, a dark space next the metal can be 
detected by careful examination and this often becomes much wider 
if the metal is raised to incandescence 4. 

The luminous effects at the anode are more easily observed in 
the striated discharge than in the unstriated, where the glow on 
the anode is overpowered by the light from the positive colu mn in 
contact with it. 

Suppose we start with the anode in the negative glow and move 
it away gradually from the cathode; when first the anode leaves the 

1 Raisch, Ann. d. Phys. xxxvi. p. 907, 1911. 

2 Aston, Nature^ Ixxxix. p. 218, 1912. 

3 Marsh, Atm. d. Phys. xxxii. p. 520, 1910. 

4 J. J. Thomson, Phil. Mag. iv. p. 1128, 1927. 
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negative glow there is no glow of any kind to be seen on its surface, 
this springs into existence suddenly when the potential difference 
between the negative glow and the anode reaches a definite value 
(the resonance potential of the gas in the tube?). Increasing the 
distance still further the glow on the anode thickens, then gets 
detached, and now the glow disappears from the face of the anode, 
again reappearing when the distance is increased still further. The 
changes at the anode are shown in Fig. 153. 

Evidence for the disappearance of the anode fall of potential is 
afforded by GUntherschulze’s experiments, see p. 294. The sudden 
drop of potential at indicates the disappearance of the anode fall 
ot potential and gives a measure of it. Guntherschulze^ finds that 
in some cases there is in this diagram at just about the place where 
the anode reaches the boundary of the dark space an abrupt 
V-shaped depression. He attributes this to the removal from the 
anode by the bombardment of cathode rays of a layer of gas. The 
function of the anode is to provide for the electrons striking against 
It a way of escape from the discharge tube, and the effects observed 
at the anode will be determined by the phenomena attending the 
impact of electrons against a metal surface and, like many other 
phenomena connected with electric discharge through gases, are 
better investigated by an ad hoc experiment tlian by attemptino- to 
disentangle the effects at the anode from the general phenomena 
associated with the passage of electricity through a discliarge tube. 

A considerable amount of attention has been paid to experi¬ 
ments on the effects produced when electrons strike against a 
metal surface (Chap. v). To recapitulate the more important points : 
When a stream of electrons strikes against a metal surface it 
gives rise to a stream of electrons proceeding from the surface 
and thus moving in the opposite direction to the incident stream 
Ihe number of these secondary electrons produced by one primary 
electron depends on the energy of the primary, on its angle of in¬ 
cidence on the surface, on the state of the surface with respect to 
impurities and absorbed gases, while on the other hand it does 
not seem to vary much from one metal to another. The num¬ 
ber of secondary electrons is in some cases greater than that of the 

I Guntherachulze, ZeiLt. f. Phi/s. .xl. p. 414. 192G. 
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primary. The energy of the secondary electrons when they leave 
the metal depends in a somewhat complicated manner on that of 
the incident electrons. If the energy of the electrons is less than 
about 10 volts, the number of electrons which have energies between 
V and V 4- is a maximum when V is equal to the energy of the 
primary electrons. When, however, the energy of the primary 
electrons is greater than 10 volts, the number of electrons liberated 
by one primary electron varies in a way very similar to the way in 
which the ionisation produced by an electron per unit length of 
path in a gas varies with the energy of the electron, t.e. it attains a 
maximum when the energy of the electron is about 200 volts; this 
rather suggests that some of the second electrons in this case are 
due to ionisation of gases absorbed by the metal. By far the greater 
number of electrons are ejected with an energy of not more than 10 
or 11 volts, whatever may be the energy of the incident electrons. 

If we apply these considerations to the anode in a discharge 
tube, we see that since there are in the neighbourhood of the anode 
two electronic currents, one in the direction of the current flowing 
through the tube, the other in the opposite direction, it will be 
necessary for the positive electronic current in the neighbourhood 
of the anode to be greater than that in the positive column. The 
emission of electrons from the anode increases the negative charge 
in its neighbourhood. When things have got into a steady state, 
the negative charge will accumulate in the neighbourhood of the 
anode until the potential difference between the anode and the outer 
boundary of negative charge is equal to the energy in volts of the 
secondary electrons emitted by the anode. We have seen that this 
energy for the greater part of the secondary electrons is about 
10 volts, so that an anode fall of this amount would prevent the 
majority of secondaries getting into the tube; the few secondaries 
with energies greater than this would spread into the tube until they 
were finally stopped by the electric force in the positive column; if 
this were the case, the minimum fall would be about 10 volts. If, 
however, the secondary electrons result from the ionisation of the 
absorbed gases, then it may require an anode fall equal to the 
ionisation potential of one of these gases to produce the emission 
of secondary electrons, and without these there would be no anode 
fall. 
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Some observers have obtained values of the anode fall corre¬ 
sponding to the ionisation potential of the gas in the tube. This fall 
is, however, so influenced by the physical conditions that it is 
difficult to be sure that any particular value is due to one special 
factor. 

The emission of the secondary electrons may be influenced by 
the shape of the anode. Suppose, for example, that the anode is a 
long narrow cone. The primary electrons will strike the sides of the 
cone obliquely and the secondary ones will be buffetted from one 
side of the cone to another and will soon be reabsorbed. They will 
thus produce but little effect. Several observers have noticed that 
a concave anode gave a smaller anode fall than a plane or convex 
one, which is in accordance with this view. The phenomena near 
the anode are analogous to those at the cathode dark space, at the 
cathode there is a positive sheath over a negative charge, at the 
anode a negative sheath over a positive charge. The anode dark 
space is so much thinner than the cathode one that though the 
anode fall of potential is less than the cathode fall, the electric force 
at the anode is greater than that at the cathode. The anode fall, 
unlike the cathode one, is not diminished by heating the anode. 

The values of the anode fall obtained by Skinner are not very 
different from the values of the anode fall in many cases of the 
arc discharge, which may reasonably be regarded as differing from 
the glow discharge by the phenomena associated with the cathode; 
between the electrodes the arc only differs from the positive column 
by its much greater current density and temperature. By using 
very small anodes, however, we can get very great current density at 
the electrode and also very high temperatures, and the anode fall has 
been found to increase as the dimensions of the anode diminished 
and the current density increased. In the arc an increase in current 
density is accompanied by a decrease in the anode fall of potential. 

The abnormal fall of potential which occurs when tlie discharge 
passes through a halogen is connected with the production of anode 
rays. Gehrcke and Reichenheim* discovered that when a platinum 
foil with a little pocket containing a salt such as LiCl was used as an 

I Gehrcko and Reichenheim, Verh. d. D. phij^. Ge^. viii. p. 559; ix. pp 70 
200, 370; x. p. 217, 1908. 
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anode, and the platinum heated to redness, the salt gave off rays 
Rowing the characteristic colour of the salt in a bunsen flame. 
Oxides of calcium and barium gave no effect. A better method was 
to use as anode a pastille made of halogen salts mixed with graphite 
to make them conducting, the pastille being held in a glass tube and 
a wire pushed in from behind to take the current. The anode rays 
came off in a slightly divergent beam, roughly normal to the surface 
of the pastille. Gehrcke and Reichenheim found that there was a 
large difference of potential between the surface of the anode and a 
point a centimetre or two away: in some of their experiments it was 
as much as 2300 volts. This is due to the electrons becoming 
attached to the halogen atoms with consequent great loss in 
mobility, so that a large space-charge accumulates and an intense 
field is required to make them carry the current. The violent 
bombardment of the anode by these heavy ions keeps it hot and also 
causes an emission of positively charged metal atoms. The compo¬ 
sition of the anode rays, and their use in the study of isotopes, are 
discussed in Vol. i, p. 389. See also p. 500 of this volume. 

Section G. Effect of Magnetic Force on the 

Electric Discharge. 

Action of a ^nagnetic field on the negative glow. It is convenient 
to consider separately the action of the magnetic force on the various 
parts of the discharge. We have already considered its effect on the 
dark space (p. 332), and shall now proceed to the negative glow. 
Pliicker* showed that under a magnetic field the glow distributed 
itself in just the same way as a'collection of iron filings, having 
perfect freedom of motion; thus the bright boundary of the negative 
glow coincides with the lines of magnetic force passing through the 
end of the negative electrode. This effect is illustrated in Figs. 160, 
161 and 162, which are taken from Pliicker’s paper. In Fig. 160 the 
lines of magnetic force are transverse to the current, while in Fig. 162 
they are more or less along it. The negative glow in fact behaves as if 
its luminosity were produced by something moving along the lines 
of magnetic force. If the direction of the magnetic force is along the 
line of discharge the negative glow spreads further down the tube 
and the positive column is driven back; if the magnetic force is at 

I Plucfcer, Pogg . Ann . ciii. p. 88, 1858. 
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right angles to the tube, the negative glow follows the lines of force 
across the tube and does not extend so far down as when there is no 





Fig. 163. 

magnetic field; the positive column now comes further down the 
tube towards the cathode, and if it is striated new striations appear. 
These effects are illustrated by Figs. 163 and 164, which are due to 



Fig. 164. 

Lehmann^. Fig. 163 represents the case when the magnetic force 
is along, Fig. 164 when it is across the tube. 

Magnetic force affects the disposition of the glow over the 
surface of the cathode as well as its course through the gas. Thus 
Hittorf^ found that w'hen the negative electrode is a flat vertical 
disc and the discharge tube is placed so that the disc lies between 
the poles of a strong electromagnet with the lines of force in its 
plane, the disc is cleared of glow except on the highest point on 
the side most remote from the anode or the lowest point on the 

1 Lehmann, Drude's Ann. vii. p. 1, 1902. 

2 Hittorf, Pogg. Ann. cxxxvi. p. 221, 1869. 
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side nearest to it, according to the direction of the magnetic force. 
In another experiment Hittorf, using as cathode a metal tube 
about 1 cm, in diameter, found that when the axis of the cathode 
was at right angles to the line joimng the poles of an electromagnet 
the cathode was cleared of glow in the neighbourhood of the places 
where the normals are at right angles to the lines of magnetic 
force. Both these results are what we should expect if the glow 
were due to charged particles projected normally from the cathode. 
The effect of a magnetic field on the disposition of the glow over 
the cathode has also been investigated by Schuster^. 

The positive column is also affected by the magnetic field, the 
general effect being that the column is bent into a curve resembling 
the path of a positive particle under the action of the magnetic 
field and the electric force in the tube (Vol. i, Chap. v). When the 
negative glow is deflected the positive column bends towards the 
place where the negative glow reaches the walls of the tube; this 
effect is shown in Fig. 165, which is due to Lehmann. There is often 
a dark space separating the ends of the negative glow and the 
positive column, as if the area of contact of the former with the 
glass acted like a secondary cathode. 



Fig. 165. 


Effect of ynagnetic force on the striations. The influence of the 
magnetic field on the striations has been carefully studied by 
Spottiswoode and Moulton 2 , and by Goldstein3; the conclusion 
they arrived at was that the bright parts of the striations, like 
the negative glow, set themselves along the lines of magnetic force, 
each bright part setting along the line of magnetic force passing 
through it and being separated by a dark space from its neigldiour. 
As very important deductions have been made from this behaviour 

1 Schuster, Proc. Roy. Soc. x.x.xvii. p. 317, 1884 

2 Spottiswoode and .Moulton, Phil. Trans, elxx. p, 205, 1879, 

3 Goldstein, n'led. Ann. xi. p. 850, 1880. 
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of tlie strise, we quote the description of this effect given by Spottis- 
woode and Moulton and by Goldstein. The former say; “If a 
magnet be applied to a striated column it will be found that the 
column is not simply thrown up or down as a whole, as would be 
the case if the discharge passed in direct lines from terminal to 
terminal threading the striae in its passage. On the contrary, each 
stria is subjected to a rotation or deformation of exactly the same 
character as would be caused if the stria marked the termination of 
flexible currents, radiating from the bright head of the stria behind 
it and terminating in the hazy inner surface of the stria in question. 
An examination of several cases has led the authors of this paper to 
conclude that the currents do thus radiate from the bright head of 
a stria to the inner surface of the next, and that there is no direct 
passage from one terminal of the tube to the other.** Goldstein 
gives the following description of the behaviour of the striated 
column under magnetic force: “The appearance is very charac¬ 
teristic when in the unmagnetized condition, the negative glow 
penetrates beyond the first striation into the positive column. The 
end of the negative glow is then further from the cathode than the 
first striation or even, if the rarefaction is suitable, than the second 
or third. Nevertheless the end of the negative glow rolls itself under 
the magnetic action up to the cathode in the negative curve which 
passes through the cathode. Then separated from this by a dark 
space follows on the side of the anode a curve in which all the rays 
of the first striation are rolled up, then a similar curve for the 
second striation, and so on.’* We shall have occasion to refer to this 
point again w'hen we consider the theory of the magnetic effect. 

Paalzow and Neesen*, who investigated the effect of a magnetic 
field in helping or retarding the discharge, found that when the 
lines of force are parallel to the line of discharge, the nature of the 
effect depends upon the pressure; if jt?o is the pressure at which the 
discharge first begins, the pressure when the current through the 
tube is a maximum, and the lowest pressure at which the dis¬ 
charge passes, then for pressures between pQ and p^ the magnetic 
force retards the discharge, while if the pressure is between pm and 
it helps it; thus the magnetic field produces in this case the same 
effect as an increase in pressure. The same results are true if the 

I Paalzow and Neesen, Wied. Ann. Ixiii. p. 209, 1897. 
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anode alone is exposed to the naagnetic force; if only the cathode is 
exposed to this force the preceding results hold if the field is weak; if 
the field is very strong, however, the effects produced are just the 
opposite, the magnetic field producing the same effect as a diminu¬ 
tion in pressure. 

When the lines of magnetic force are at right angles to the 
discharge the magnetic field at alJ pressures retards the discharge. 
They found that the effect of the magnetic field was not instan¬ 
taneous, often taking several seconds before producing its normal 
effect. This lag is a very frequent phenomenon in the discharge 
tube; it generally can be explained by the effects produced by 
previous discharges; thus as it is easier for one discharge to follow 
another than to be the first to pass through the tube, the magnetic 
field might not be able at once to stop the discharge if a strong 
discharge had just previously passed through the tube, though it 
might be able to prevent a discharge starting in the tube. 

It was shown* many years ago that the passage of the electrode- 
less discharge was hampered by a transverse magnetic field and 
facilitated by a longitudinal one. 

Willows^, who also investigated the effect of a transverse 
magnetic field on the potential difference between the terminals 
of a discharge tube containing gas at a low pressure, found that 
when the magnetic force is confined to the neighbourhood of the 
cathode the potential difference is diminished by the magnetic field 
when the pressure is low and increased when it is high. The efi'ect 
is represented in the curves in Fig. 166, the scale of pressures is 
such that a pressure of 1 mm. of mercury is represented by 223. 
The pressure at which the curve for the magnet on intersects that 
for the magnet off, increases as the magnetic force increases and 
decreases when the current through the tube decreases. When the 
magnetic force is concentrated at any part of the tube except the 
cathode it always increases the potential difference. 

Willows also investigated the effect of a uniform transverse 
magnetic field on the distribution of electric force between the 
terminals, the results of his experiments are represented by the 

1 J. J. Thomson, Rixent Researches in Electricity and Magnetism, p. lOo, 1893. 

2 Willows, Phil. Mag. (6), i. p. 250, 1901. 
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curves in Fig. 167; the magnetic field diminishes to a considerable 
extent the great drop in the electric force which occurs in the nega¬ 
tive glow. 

Birkeland* has shown that in a tube containing gas at a very 
low pressure a strong magnetic force parallel to the line of discharge 
produces an enormous diminution in the potential difference re¬ 
quired to spark through the tube, the potential difference when 
the magnetic force at the cathode reaches a critical value falling 
to less than one-tenth of its previous value. Almy^ has shown 
that this effect can be produced by a transverse magnetic force as 
well as by a longitudinal one, and that the sudden diminution in 
potential is accompanied by a change in the appearance of the 
discharge, the magnet causing the discharge to change from a form 
in which it passes from the whole of the cathode to one where 
it is concentrated in one or more bright streams. This change in 
the appearance of the discharge, and also the diminution in the 
potential difference between the terminals, can be produced 
without the aid of the magnet by covering the outside of the 
tube in the neighbourhood of the cathode with tinfoil connected 

showed that the effect of the magnet did 
not arise from the charges of statical electricity which accumulate 
on the glass of the tube, by showing that it took place when the 
cathode was placed inside a metal cylinder which was used as the 
anode. 

The positive column is also deflected by the magnetic field. 
Some examples of this are shown in Figs. 134 and 168, where a 
transverse magnetic field of about 700 gauss was applied near the 
anode. The stray magnetic field deflected the fast cathode rays in the 
negative glow, and they struck the walls of the tube at Gy Fig. 134, 
producing there a patch of the usual green phosphorescence. This 
spot gets charged up negatively by the cathode rays, it emits electrons 
and builds up a Faraday dark space. In hydrogen a peculiar reddish 
glow starts also from G. The end of the Faraday dark space is at 
Hy where there is often a single striation separated from the rest of 
the positive column by a dark space. The rest of the positive 
column then goes on to join the anode; sometimes it does so 

1 Hirkcland, Comptes Ifenduity cx.xvi. p. o8t>, 1898. 

2 -Aliny, Proc. Camb. Phil. Soc. xi. p. 183, 1901. 
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without again striking against the walls of the tube, in other cases 
it will strike again before reaching the anode. An interesting 
point is the way the magnetic force brings out striations in the 
positive column. 


Though the positive column when the magnetic field is not 
acting on the discharge was uniform, yet under the action of a 
transverse magnetic force exceeding a certain value (in the experi¬ 
ment we are describing about 600 gauss) numerous striations sprang 
out in the space S (Fig. 168), between where the positive column 
struck the glass and the anode; the number of these striations in 
a given length increased with the magnetic force, and the potential 
difference between the anode and the other end of the positive 


column was increased more than twelve-fold by the application of 





Fig. 168. 

the magnetic force. If the anode did not fit the tube tightly the 
discharge went in at the back of the anode. 

These effects occurred in all the gases tried; the best pressure for 
hydrogen seemed to be something less than 1 mm. of Hg, a higher 
pressure seemed to suit helium better. 

These effects can very easily be observed in a discharge tube 
long enough to give a considerable length of positive column. If 
the positive column be placed between the poles of a powerful 
electromagnet, the discharge will be driven to one side of the tube 
and though not previously striated vdll now be full of striations 



DISCHARGE THROUGH GASES AT LOW PRESSURES 415 

very near together, the distance between them diminishing as the 
magnetic force increases. 

The effects of the magnetic field on the discharge can be ex¬ 
plained by the results obtained in Chap, v, Vol. i, on the motion of 
an electron subject to both electric and magnetic forces. When a 
longitudinal magnetic force acts on the cathode dark space, the 
electric and magnetic forces are in the same direction. It is shown 
on p. 225 that in this case the path of the electron is a helix, and 
the electron moves on the surface of a circular cylinder whose axis 
is parallel to the magnetic force, the radius of the cylinder being 
inversely proportional to the magnetic force. Thus in a very intense 
magnetic field they will be coiled up into spirals of very small 
radius. These at one time were called ‘magnetic cathodic rays,’ 
and were supposed to be a new kind of ray; we see that they are 
ordinary cathodic rays moving along a different kind of path. 

Next consider the effect of the magnetic field on the negative 
glow. The magnetic force will deflect the fast ionising electrons 
which traverse that glow, but will not, unless it is very intense in¬ 
deed, reverse their direction and make them go back. It is diflterent, 
however, with the slow secondary electrons produced by the pri¬ 
mary ones; these will describe circles with small radii round the 
lines of force, and the only direction in which they can make any 
progress is along those lines. The lines of magnetic force form 
a fence which they cannot get through, and thus the boundary of 
the stream of these slow electrons will be a surface which contains 
the lines of force. 

Consider now the production of striations by a transverse mag¬ 
netic force. Here the electric and magnetic forces are at right angles 
to each other. It is shown on p. 225, Vol. i, that the greatest dis¬ 
tance an electron can travel in this case in the direction of the 
electric force is '2X where X is the strength of the electric, // 

that of the magnetic force, m and e are respectively the mass and 
charge of an electron. 

Let us suppose, to make the reasoning as simple as possible, 
that the magnetic force begins abruptly at the end of the positive 
column nearest to the cathode and consider the electrons coming 
into the positive column from the Faraday dark space. After 
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passing through a distance 2X7n/eH^y they will be moving at right 
angles to the electric force and driven against the walls of the dis¬ 
charge tube, negative electricity will accumulate at this place and 
the electric force will increase until it is great enough to carry the 
electrons further down the tube in spite of the transverse magnetic 
force, they will only go for a certain distance when they will again 
be stopped and the process repeated. 

If d is the distance between the striations 



2Xm 



The electrons in their passage across the striations must produce 
first other electrons to repair the loss of electrons due to the dif¬ 
fusion, etc. which occurs in the distance hence the potential dif¬ 
ference in the striation must not be less than K the ionising potential 
of the gas. Let it equal K\ where K' is somewhat greater than K ; 
neglecting variations in the electric field in a striation 

Xd^K* .( 2 ), 

from (1) and (2) we get 

dH = '\/2/f' (w/e), X = H VK' e/2w, 
thus d is inversely and X directly proportional to H. 

On the theory we have just given the striations produced by the 
magnetic field involve a discontinuous discharge. Some authors 
have advanced the view that all striations involve a discontinuity 
in the discharge; they base this on the behaviour of the striations 
when exposed to magnetic force, see p. 410. 

On the view we have taken in this chapter the striated dis¬ 
charge in a feeble magnetic field need not necessarily consist of 
a series of jumps along the positive column. The evidence afforded 
by the behaviour of the striated column under magnetic force is not 
conclusive. In a striation the electrons have very different velocities, 
hi"h velocities at the bright positions, low velocities at the dull. 
The fast electrons are much less deflected by magnetic force than 
the slow; thus under the magnet the bright parts might appear 
almost fixed, while the duller portion between two bright ones 
would move. Thus the appearance would resemble that of a series 
of seiiarate currents whose ends are fixed. 
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The study of the discharge by a rotating mir ror (Sect. K, p. 447) 
shows that when the discharge is discontinuous it may at one time 
be passing through one part of the tube and not through another, 
while after a short interval the parts which were luminous before 
are dark and those that were dark are luminous, and also that the 
intervals between luminosity may be different at different parts of 
the discharge. This points to a series of jumps in the discharge 
similar in character to those which we have supposed to be pro¬ 
duced by a strong magnetic field. This effect was not observed in 
the discharge between adjacent striae, so that the lag between dis¬ 
charges through these must be less than that between more widely 
separated portions of the discharge. 

Stark* has observed an effect which suggests independence in 
the behaviour of different striations. He found that when a carbon 
filament was raised to incandescence in a striation it disturbed that 
striation but produced little effect on others in its neighbourhood. 

Section H. The ‘Abnormal’ Discharge. 

Hitherto we have only considered cases where the current den¬ 
sity in the cathode dark space had a constant value. The discharge 
in these did not cover the whole of the cathode, so that when the 
total current through the tube changed, the area of the cathode from 
which the discharge came could alter in the same proportion and 
thus keep the current density constant. In this, the normal case, 
the cathode fall of potential does not change with the current, nor 
does the thickness of the dark space provided the pressure remains 
constant. 

When, however, the current covers the whole area of the cathode 
a change in current involves a change in current density, and this 
produces a change in the cathode fall of potential, the fall increasing 
with the current, and a change in the thickness of the dark space 
without any alteration in the pressure. 

The discharge with a constant current density , whore 
depends upon the nature of the gas and the metal of which the 
cathode is made as well as upon the pressure, is called the ‘ normal 
discharge.’ The discharge when the current density has not this 

X Stark, Wied. Ann. iii, p. 230, U)00. 


T c E H 


27 



418 


DISCHARGE THROUGH GASES AT LOW PRESSURES 


particular value, though, it is much more frequent, is called the 
'abnormal discharge.’ The two forms of discharge do not differ 
fundamentally except in the cathode dark space; the differences in 
the negative glow, the Faraday dark space and the positive column 
are only those we should expect from the greater currents in the 
abnormal discharge. 

Distribution of the Electric Force in the Cathode Dark 

Space in the Abnormal Discharge. 

Aston’s experiments on the distribution of the electric force in 
the dark space, see p. 299, were made on abnormal discharges, with 
potential differences ranging up to 1000 volts; he found that, except 
perhaps in the immediate neighbourhood of the cathode, the elec¬ 
tric force was a linear function of the distance from the end of the 
dark space. 

The same method of measuring the electric force has been 
applied by Harris^ and Geddes^ to discharges under much larger 
potential differences and at lower pressures. At low pressures the 
discliarge is much influenced by the electrification of the walls of 
the tube, unless very large vessels are used; heating effects also 
give rise to trouble unless very large electrodes are used. 

Geddes confirmed Aston’s result up to voltages of about 
1000 volts and found, indeed, that there was but Little departure 
from the linear law until the voltage reached about 1800 volts, 
when the graphs began to show distinct signs of curvature; these 
developed as the voltage increased. The relations between the force 
and distance for voltages of 6500 and 10.000 volts respectively are 
represented by the curves A and B respectively. Fig. 169. In these 
the gradient, and therefore the density of the positive electrification, 
increases as the distance from the cathode diminishes, instead of 
being constant as at lower voltages. It will be noticed that outside 
the dark space the force is too small to be measured and the poten¬ 
tial between the electrodes was practically equal to the cathode fall 
of potential. At still higher voltages the force has a finite value 
outside the dark space; this value seems to be approximately 

1 Hfirris, Phih xxx. p- 182> 191o* 

2 Geddes, Proc. Roy. Soc. Edin. xlvi. p. 13G, 1926. 
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constant over a considerable region near the boundary of the dark 
space, and to increase with the potential difference between the 
electrodes; the force close to the cathode, on the other hand, seems 
Volts/cm. 



at high voltages to vary but little with the voltage between the 
electrodes. These points are brought out in the graphs in Fig. 171. 
A is the graph for 21,000 volts; B for 27,000 and C for 30,000. 

At these high voltages and low pressures the cathode fall of 
potential is less than the potential difference between the electrodes. 
This is confirmed by experiments on positive rays, as the maximum 


27-2 
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energy of these at high voltages and low pressures is less than 
that due to the potential difference between the electrodes. This 

Volts/cm. 



difference increases with the voltage, in agreement with Geddes’ 
results^. 

I G. P. Thomson, Proc, Roy, Soc. Edin. xliv. p. 129, 1924. 
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Volts/om. 



Pig. 171, 


Relation between Potential Difference and Current Density. 

The potential difference in the dark space increases with the 
current. Stark*, in 1902, proposed the empirical relation 

I (i - iji . . . 

I stark, Phya. Zeita. iii. p. 274, 1902. 


( 1 ), 


Anpdc 
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where and F„ are the abnormal and normal cathode falls respec¬ 
tively, { the abnormal and the normal current density, p the 
pressure and K a constant. 


The graph representing this relation between and i when 
the pressure is constant is a parabola, and that between and p 
when the current is constant, a rectangular hyperbola. These 
results are in fair agreement with the experiments. 

Aston' found that the relation 

Va = - 2 ^' + E .( 2 ) 

p 

expressed the results of a long series of experiments on the discharge 
between large plane cathodes in air, hydrogen, oxygen, nitrogen, 
carbon monoxide. F and E are constants depending on the nature 
of the gas. Their values are given on pp. 424, 425. Aston and 
Watson^ found that a similar expression held for the inert gases 
hebum, neon, argon and krypton, though the agreement at low 
pressures was not so good as for the normal gases. The ex¬ 
pression (2), like Stark’s expression, makes the graphs representing 
the relation between potential difference and current at constant 
pressure parabolas, and between potential and pressure with con¬ 
stant currents hyperbolas. Aston’s expression, however, fits in 
better with the theory of the discharge than Stark’s. 

The way in which i enters into equations relating to the dis¬ 
charge at low pressures is as the product of the density of the ions 
or electrons and their velocity {cf. p. 361). If F is the potential, 
the density of the electricity is, when the electrodes are large 

parallel plates, while the velocity = (2eF/w)^; hence 


^ 

47r dx^ 


{2e Vlin^) — i 



Now put V = Fo where is some potential characteristic of the 
gas, say the normal cathode fall of potential; will be a quantity of 
no dimensions. Put also x = A^, where A is a length characteristic 


1 Aston, Proc. Roy, Soc, Ixxix, p. 80, 1907, 

2 Aston and Watson, Proc. Roy. Soc. Ixxxvi. p. 168, 1911. 
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of the gas, say the mean free path of an electron; ^ is also a 
quantity of no dimensions. Then equation (3) becomes 


m 

thus i will not enter into any solution of this equation unless it is 
accompanied by and if occurs it must be through 

so thatA/i does not occur unless multiplied by A, or since A is propor¬ 
tional to 1/p, by 1/p. Aston’s expression satisfies this condition, 

Stark’s does not. 

Thickness of the Dark Space in the Abnormal Discharge. 

Aston {loc. cit.) gives for d, the thickness of the dark space, the 
expression 

. A Bp 

^ ^ ’ 

this satisfies the condition that can only occur when multiplied 
by 1/p. At constant pressure d diminishes as i increases, and as i 

increases tends to the limit Ahp. 

If we extrapolate this expression and apply it to the normal 
discharge we have, since i is constant. 


d = - + constant 

V 


(4); 


the constant term is about 1 mm. and is of the order of the Aston 
dark space. We may thus regard the space between the cathode 
and the negative glow as consisting of a thin layer, a, next the 
cathode, which does not v^ary much, if at all, with the pressure, and 
stretching from the boundary of the layer to the edge of the negative 
glow, a region whose length is inversely proportional to the pressure. 
Whatever view we take of the process going on in the cathode dark 
space, we should expect a layer close to the cathode to differ from 
the rest of the dark space. We have here a collection of rapidly 
moving positive ions and slowly moving electrons, and according to 
Brose (see p. 304) the electric force attains a maximum value in 

such a layer. 
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The following tables show the constants found by Aston and 
Watson (loc. cit.) for the dark space and potential. 

Pj is the value of the pressure at which the dark space is 1 cm. 

with unit current density and Fj the voltage between the electrodes 

under those conditions. The units are: current density in 10“^ 

of a milliamp. persq. cm., dark space in cms., pressure in hundredths 
of a mm. 

Table I. 



A 

B 

E 

1 

o 

X 

Pi 

4 ' 

Hydrogen 

26*5 

-43 

144 

1 

57-3 

46-8 

266 

Helium 

36 

♦49 

255 

100 

70-6 

395 

CO 1 

1 10 

•42 

255 

41-5 

17*5 

489 

Nitrogen 

6*8 

•40 

230 ! 

23-6 

11-3 

434 

Air 

6-5 

•42 

255 , 

230 

11-3 

457 

Oxygen 

A 

5-7 

•49 

290 1 

17-6 

11-4 

444 

Argon 

5-4 1 

1 

•34 

240 

29-4 

8-2 

594 


The values of these quantities for the inert gases are given in 
Table II. 


Table II. 



A 

B 

E 

Px 

1 

V, 

Helium 

38 

?-27 

137 

52-5 

412 

Neon 

5-0-8-0 

-41-82 

170-220 

18-6 

545 1 

AiTgon 

40 

I -32-41 

190 

8-3 

610 1 

KrjqDton 

3-8-5-4 

•37—45 

225-325 

8-3 

745 

Xenon 

4-0-60 

-23-40 

245 ■ 

5-9 

1025 

Oxygen 

6-1 

•48 

292 i 

{ 

1 

11-5 

460 

1 


The values of the constants depend on the metal of which the 
cathode is made, as is shown by Table III, given by Aston^. 

Z' was a perforated zinc electrode, the perforations occupying 
the greater part of the area; it is interesting to see how little dif¬ 
ference the perforation made, not more than could be accounted for 
by Z' being commercial and Zn purified zinc. Z" was also per¬ 
forated zinc but was backed by a sheet of mica to prevent the dis¬ 
charge passing to the back of the cathode. It is interesting and 

I Aston, Proc, Roy. Soc. Ixxxvii. p. 437, 1912. 
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suggestive to find, that the constant which determines the varia¬ 
tion of the dark space with the current, varies but little in the normal 
gases; it seems to have no relation to the length of the ordinary 
dark space, for oxygen, whose dark space at equal pressures is less 
than one-third of that of hydrogen, has the larger value of B. 


Table III. Oxygen. 



A 

1 

B 

E 

X 

© 

1 

( 

Mg 

1 

4-8 

1 .41 

310 

13-5 

A1 

5-7 

-43 

310 

17-5 

Fe 

8*5 

•38 

337 

260 

Cu 

8-9 

•40 

340 

28-5 

Zn 

7-3 

•43 

335 

23-5 

•Ag 

10-9 

•36 

350 

330 

Sn 

7-9 

•40 

363 1 

1 

24-0 

k 

Pt 

8-8 

•40 

335 

300 

Pb 

8-7 

♦41 

340 

31*5 

Z' 

6-6 

•43 

350 

240 

Z" 

8-3 

•43 

350 

330 

1 


Theory of the Abnormal Discharge. 

On the theory of the normal discharge given on p. 297, the dis¬ 
charge is maintained by each electron which starts from the cathode 
producing by collision in its passage through the dark space suffi¬ 
cient positive ions to liberate, when they strike against the cathode, 
one electron. 

If we know the law connecting the energy of an electron with the 
number of ions it produces per unit path when moving through a 
gas at a given pressure, and also know the distribution of electric 
force in the dark space, we can calculate in the way given on p. 311 
the number of positive ions produced by an electron in its passage 
through the dark space. Again, if we know the number of electrons 
ejected from the cathode by the impact of a positive ion, and many 
experiments have been made on this point, we couhl get an equation 
which would determine the cathode fall of potential. 

There is no reason to think that this principle does not hold for 
the abnormal as well as the normal discharge. It will, however. 
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lead to different consequences; in th.e normal discharge the energy 
of the electron for the greater part of its course through the dark 
space is about that which gives the maximum ionisation. In the 
abnormal discharge with large potential differences the electron has 
energies far greater than the optimum value and in the same length 
of path will produce far fewer positive ions than the electron in the 
dark space of the normal discharge. As there are fewer ions pro¬ 
duced, each ion when it strikes against the cathode must eject more 
ions than in the normal discharge; it might be expected to do this, 
as in consequence of the greater potential difference it has greater 
energy. 

In any self-sustained discharge two conditions must be satisfied. 
The first of these, the one we have just been considering, which may 
be called the ‘maintenance condition,’ is thatfor every electron taken 
from the gas by the discharge, processes must be going on in the 
discharge which supply another to take its place. 

The second condition expresses the facts that for the discharge 
to take place the current density must not fall below a definite 
value depending on the pressure and the geometrical conditions, and 
that there must be a relation between the potential differences 
between the electrodes, the distance between them and the current 
density. 

If the discharge covers the whole cathode the current density is 
found by dividing the total current by the area of the cathode. If 
the total current is small the area covered by the discharge will 
adjust itself to make the current density have the minimum per¬ 
missible or ‘normal’ value, and this implies that the potential is 
constant under the given geometrical conditions. We call the 
equation between Fo, and d, which expresses this condition, the 
‘characteristic equation.’ 

One example of such an equation is the well-known space-charge 
relation (Vol. i. p. 373) _ 

i v/- ^0®. 

977 V 771 

This is obtained on the supposition that there is no ionisation be¬ 
tween the electrodes and so does not apply to the cathode fall of 
potential. 
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The result 


id^ = constant x 


is, however, not limited to the conditions postulated in the space- 
charge equation; it holds, for example, when there is uniform ionisa¬ 
tion. It follows from the method of dimensions that Fq^ is of the 
same dimensions as id^ (m/e)^, so that the ratio must be of no dimen¬ 
sions and though we can find other combinations such as 
which are of no dimensions, the simplest assumption is that the 
ratio is a numerical constant. 

In the abnormal discharge, where the potential difference is 
large, the number of ions produced by an electron in its passage 
through the dark space is very small compared with that in the 
normal discharge, and on the average each electron produces only 
a fraction of a positive ion. The current will thus be practically 
carried by electrons which come from the cathode and not, as in the 
normal discharge, in the main by positive ions. A current of 
electrons coming from the cathode is what is postulated for the 
space-charge equation. 


Since the ionisation in the abnormal discharge will be greatest 
when the electron has acquired the energy corresponding to only a 
fraction of the total potential difference, most of the ionisation will 
take place in the first half of its journey from the cathode; we may 
therefore expect the density of the positive ions and therefore the 
gradient of electric force to be greater in this part than in the other; 
this is in accordance with the graphs given by Geddes. 


The formula 


kj) (F - K) 

(F - KY + M2’ 


for the number of ions per cm. of path produced by an electron, 
whose energy is F, moving through a gas whose pressure is p and 
ionising potential A', k being a constant, represents the general 
features of ionisation by electronic collision. It vanishes when 
F < AT, then rises to a maximum when F — A = M, then diminishes 
and finally is proportional to 1/(F — K). 

Assuming this expression for the ionisation and Aston’s law for 
the distribution of electric force, it can be shown* that when F is 

I J. J. Thomson, Phil Mag. viii. p. 393. 1929. 
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discharge through gases at low pressures 

1 1 ions produced by an 

electron in the dark space, is given by the equation 

kdp V 




where V is the potential difference. 


is the number of positive ions which strike against the 
cathode. The evidence as to the relation between the energy of a 
positive ion and the number of electrons it ejects when it strikes 
against the cathode is somewhat conflicting, but on the whole seems 
in favour of a linear relation. If we suppose that these N ions eject 

N (a + j8F) 

electrons, then by the maintenance equation 

N(<x~h^V) = l, 

or, when V is great. 


kpd^ log 



while from the characteristic equation, 

where iiT is a constant. From these equations we can 
approximately V varies as i^. 


show that 


In this case d will vary very little with the potential. GUnther- 
schiilze^ finds that d for hydrogen, nitrogen and oxygen, when the 
potential difference is large, varies but little as the potential in¬ 
creases. He finds, too, that the ratio of pd for the abnormal dis¬ 
charge to its value for the normal one is roughly about one to five 
for these three gases. 


Section I. Gas Rectifiers and Relays. 

One early form of rectifier, depending on the properties of a gas 
discharge, consists of a tube in which one electrode is freely exposed 
while the other is surrounded in such a way that there is insufficient 
room for the development round it of the dark space required at the 
low pressure used. The discharge will pass when the free electrode is 
cathode, but when the current is reversed the current goes ‘hard’ 
for the reasons explained above (p. 320). 

I Giinthorschulze, Zeits./. Phys. lix. p. 4^33, 1D30. 
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Other rectifiers in commercial use depend on thermionic emis¬ 
sion. The simplest is a valve of the original Fleming type containing 
a heated filament and a cold electrode in a high vacuum. An 
electron current can be carried from the hot filament but not 
reversely. Though very useful for many laboratory purposes this 
arrangement has the disadvantage that the space-charge offers a 
considerable resistance if large currents are needed, and there is 
a large drop of potential across the valve. To remedy this a small 
quantity of gas, usually mercury, is added. The positive ions from 
the gas neutralise the space-charge and the drop of potential is 
little more than the ionisation potential and is nearly constant, 
even for large currents. A disadvantage is that a large reverse 
potential may cause a purely gaseous discharge, so that only a 
limited voltage can be rectified. The bombardment of the positive 
ions also tends to destroy the filament which is generally of the 
oxide-coated type. An improvement has been made by using argon 
with or without mercury vapour; this allows of a higher total gas 
pressure being used, and so diminishes the wear of the filament 
since the positive ions are retarded by the gas and do not strike the 
filament with such energy. The high gas pressure also diminishes 
evaporation from the filament. The limit of current for these 
valves may even be larger than the saturation emission from the 
filament, as the ions carry some of the current. 

The rectifying properties of a mercury vapour arc, between a 
pool of mercury acting as cathode and one or more cooled anodes, 
are extensively used in electrical engineering, currents as large as 
1000 amps, being rectified by a single unit. Here again the voltage 
drop is very small and almost independent of the current. 

‘ Thyratron ’ Valves. 

In an ordinary vacuum three-electrode valve the current 
between plate and filament can be stopped by making the grid 
sufficiently negative, this holds the electrons back on to the filament. 
If, however, the valve contains gas which becomes ionised, a posi¬ 
tive ion sheath will form round each of the wires. The size of this 
sheath depends on the current and potential in accordance with the 
space-charge formula for positive ions, but it is usually quite small. 
Outside the sheath the negative charge on the wire is neutralised 
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and produces no effect. If the distance apart of the wires of the grid 
is so large that there is a space between the sheaths surrounding 
them, this space will be uninfluenced by the negative potential of 
the grid, and electrons can pass from the filament to the plate un¬ 
influenced by the grid, which is unable to stop the current. Suppose 
that when the plate potential is first applied to such a valve, the 
grid is strongly negative, then no electrons will pass it, no ions will 
be formed in the gas and no sheath can be produced; but once let 
the grid potential be raised to the point at which a considerable 
number of electrons get past, ionisation will occur, the sheath will 
form, the grid lose control and the discharge will pass as an arc 
limited in intensity mainly by the external resistance of the plate 
circuit. The arc can only be stopped by reducing the plate potential 
below that of ionisation for a long enough time to allow the ions to 
recombine. 

Valve amplifiers operating in this way have been designed by 
the American General Electric Company^ and are known as 
‘thyratrons.* The gas used is mercury vapour, which at a working 
temperatureof 40® C. gives a pressure of 6 X 10“^mm. Theywilltake 
currents up to 15 amperes using indirectly heated filaments, and 
will stand plate potentials of the order of 1000 volts. When the 
arc has struck, the potential drop from filament to plate is from 
24-10 volts. The time required for the sheaths to disappear is from 
10“® to 10”^ sec. Since the current required to operate the grid is 
very small, a small multiple of 10“® ampere, these valves allow of 
enormous amplification in a single stage. If the plate potential is 
alternating the valve Avill carry no current during half the cycle, 
and the arc will be automatically quenched. If the grid potential 
alternates with the same frequency, then if the phases are opposite 
so that the grid is negative whenever the plate is positive, and if the 
grid potential is numerically greater than the critical, no current 
will flow. If now the phase of the grid potential is slightly advanced 
there will be a short time during which the grid is positive, or less 
negative than the critical, while the plate is also positive; during 
this period the arc will strike and be extinguished when the plate 
potential falls below the minimum. Actually it appears to take 


I Hull and Langmuir, Proc. iS’a/. Acad, Sci, xv. p. 218, 1929. Nottingham, Jour. 
PraJiklin Inst. ccxi. p. 272, 1931. 
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about 10~® sec. for the sheath to form, so that the phase difference 
must correspond to a longer time than this before anything happens. 

By arranging that a small effect to be observed changes the 
relative phases of the grid and plate current, the arc will pass for a 
fraction of the period which increases with the phase shift and so 
with the magnitude of the effect. Alternatively, a steady negative 
potential can be applied to the grid sufficient to prevent the arc from 
striking and the effect to be observed supei*posed on the grid as a 
positive potential which will allow the arc to form. Thyratron valves 
are well adapted for control by the small currents furnished by photo¬ 
electric cells. A photo-electric current of about 10”® ampere can 
be dealt with direct, and it is claimed that by the use of an additional 
amplifier 10”^^ ampere can be detected. The former current can 
be produced by light reflected from a galvanometer mirror. Another 
important application of these valves is in counting small electrical 
impulses, such as those produced by rays in a Geiger counter. 

In essence the thyratron resembles the old-fashioned gas-filled 
valves. When working with these valves Prof. G. W. Pierce dis¬ 
covered and patented the main properties of what is now called the 
thyratron in 1914. 

Similar valves are made by other firms. A good account of 
their design and operation is given by Lewer and Dunham, G.E.C. 
iii. pp. 67, 119, 1932. 

Section J. The Ring Electrodeless Discharge. 

The simplest type of discharge through gases is when the lines 
of the electric force acting on the gas form closed curves, there are 
then no electrodes and no need for any regenerative process to renew 
the supply of electrons. The conditions for discharge are those in 
the positive column of the ordinary discharge with electrodes. 

The ring electrodeless discharge is an example of a discharge 
with closed lines of force. In this the discharge tube is placed inside 
a solenoid through which rapidly alternating currents produced by 
the discharge of Deyden jars are passing; the electric forces in¬ 
duced by these form closed curves. The type of electric discharge 
was described by one of us many years ago*. 

Asolenoid A is placed in the circuit connecting the outer coatings 
I J. J. Thomson, Phil. Mcuj. (5), x.xxii. pp. 321, 445, 1891. 
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of two Leyden jars, T and L, whose inner coatings are connected 


with a, 6, the terminals of an induc¬ 
tion coil. When sparks pass between 
these terminals electrical oscilla¬ 
tions are started and the solenoid 
is traversed by rapidly alternating 
currents which produce by electro¬ 
magnetic induction intense electric 
forces inside the solenoid, then when 
conditions are favourable the dis¬ 



charge takes the form of a bright 
ring. This discharge is often ex¬ 


Fig. 172. 


ceedingly brilliant and is very convenient for many kinds of 


investigations. 


The term ‘ electrodeless discharge ’ is sometimes given to another 
type of discharge where metallic electrodes are placed outside the 
bulb but in contact with the glass. An alternating potential difierence 
applied to these electrodes produces a discharge through the gas; 



Fig. 173. 


this has none of the peculiarities of the ring electrodeless discharge, 
it is just a form of the ordinary type of discharge, with its cathode 
dark space and other characteristics. The appearance of this t 5 rpe 
of discharge is shown in Fig. 173 given by E. Wiedemann and Ebert* 


I E. Wiedemann and Ebert, Wied. Ann, 1. pp. 1, 221, 1893. 
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who were the first to make experiments on this subject. Some in¬ 
teresting experiments on this kind of discharge are given in a paper 
by J. and W. Taylor^. 


To return to the ring discharge. Let us suppose that the dis¬ 
charge tube is a long cylinder placed inside a long solenoid, the 
magnetic force is then parallel to the axis of the solenoid, which we 
shall take as the axis of z; let Zy r, Q with z as axis be the cylindrical 
co-ordinates of an electron, let H be the magnetic force parallel 
to 2 ; Hy 0, the radial and tangential electric forces due to magnetic 
induction. Then, since we have symmetry round the axis, = 0 

1 d (0r) dH 

r dr dt * 


and 



dH , 
0 dt 


in addition to the force due to magnetic induction there is a radial 

dT 

-7- due to the motion of the 
dt 

electron. Hence the total tangential force acting on the electron is 


force eHr 

at 


and a tangential one — eH 


hence 


or 

taking 



When H is independent of p, as it will be when the currents through 
the gas are small compared with those through the solenoid, 

fr ^2 

and we have 


de 

dt 



We have also 



I J. and \V. Taylor, Froc. Camb. Phil. Soc. xxiv. p. 259, 1928. 


TO £ II 


28 
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Substituting the value for dOjdt we get 

d^r ^ 

<*2 + 4 ^ *■ = ® 


These equations are obtained on the assumption that the currents 
through the gas are small. We will investigate the consequences 
which follow from these equations under these conditions when the 
magnetic force is oscillatory and represented by 

H = Hq sin pt. 


For the discharge to pass the gas must be ionised, so that the 
electrons, before they combine with a molecule to form a negative 
ion and thereby lose their power of ionisation, must acquire enough 
energy to ionise. 

If K is the ionising potential of the gas, q the velocity the electron 
must acquire to ionise, 

eK — ^niq^. 


Neglecting the radial velocity we write 



dO 

dt 


:u =^~ r Ho {ej'lm) sin 



where t is the time taken to acquire this velocity. The space passed 
over bv the electron in this time is 


rHpe 

‘Imj) 


(1 — cos J)t) 



and this distance must be less than A^, the average distance 
traversed by an electron before uniting with a molecule. 

If Aq is a quantity less than Aj and like it varying inversely as the 
pressure, we may put 


rHpe 
2 m 2? 


(1 — cos pt) = Ao 



from equations (1) and (3) we get 

Kp 


in 


( 4 ); 


the left-hand side is infinite when Ao ^ is infinite and also when it is 
zero, the minimum value of Hp is when J = Aop and 
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We see from equation (4) that and p only occur in the com¬ 
bination Aq and, since A^, varies inversely as the pressure P, p will 
only occur in the combination p/P, This result may be compared 
with Paschen’s law that the spark potential is a function of the 
product of the pressure and the spark length. 

When the pressure is very high, A^, p will be small compared 
with q\ hence Hq will vary as q^l\ip, i.e. directly as the pressure. 
When the pressure is very low, Aq p will be large compared with q 
and then Hq will vary as \ p, i.e. inversely as the pressure. Experi¬ 
ments on the variation of the magnetic force required to produce 
discharge with the frequency of the current were qualitatively in 
agreement with the result that with a constant pressure Hq had 
a minimum value for a particular frequency^. 

The energy which the electrons acquire under the action of the 
field due to the alternating currents through the solenoid is propor¬ 
tional to the square of the distance from the centre of the bulb, 
since their angular velocity is independent of the distance. Thus 
the electrons nearest the glass of the bulb will acquire the greatest 
energy and this energy, if the ring discharge is to take place at all, 
must not be less than that corresponding to the ionising potential 
of the gas in the bulb. The electrons nearer the centre of the bulb, 
though they may not acquire enough energy to ionise the gas, may 
yet acquire energy greater than some of the resonance potentials 
and so produce luminosity. As the energy acquired by the electrons 
depends upon the distance from the centre, the luminosity produced 
by the discharge will vary in character with this distance, the 
luminosity corresponding to the highest resonance potential oc¬ 
curring nearest the glass of the tube, while at the inner boundary of 
the luminosity the light will correspond to that with the lowest 
resonance potential. This effect in some gases is obvious to the 
most casual inspection, the discharge consisting of rings of different 
colours at different distances from the centre. When the discharge 
is examined by the spectroscope this effect is shown by most gases, 
lines which are prominent in the spectrum of the outer part of the 
discharge disappearing more or less abruptly as the distance from 
the centre diminishes, and though the inside of the ring may seem 

I J. J. Thomson, Phil. Mag. iv. p. 1128, 1927. 

28-2 
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non-luminous, some lines can be traced from one side of the ring to 
the other. 

We have supposed hitherto that the currents through the gas 
were so small that the magnetic forces due to them were negligible 
compared with those due to the alternating currents in the solenoid; 
when, however, the electric force due to the solenoidal currents is 
much greater than that required to initiate the discharge, the 
currents through the gas may be comparable with those through the 
solenoid. The magnetic force due to the currents in the gas is of 
opposite sign to that produced by the currents in the solenoid, so 
that the total magnetic force towards the centre of the bulb may be 
very much less than that due to the solenoid alone. The following 
experiment shows this in a striking way. A sealed bulb C, con¬ 
taining gas at a pressure at which the ring discharge is very easily 
produced, is placed at the centre of a large bulb B, which is connected 
with a pump so that the pressure of the gas inside it may be altered. 
The solenoid is placed round B. When the gas in B is at atmospheric 
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Fig. 174. 


pressure no ring discharge occurs in it, the ring discharge is very 
bright in C. On reducing the pressure in B imtil a bright ring dis¬ 
charge passes through the outer portion of the gas inside it, the 
ring discharge through C stops. When the pressure in B is still 
further reduced so that the ring discharge no longer passes through 
it, the discharge in C begins again. Thus when the ring discharge 
is passing through B, the magnetic force due to the gaseous current 
is sufficient to neutralise at C that due to the current through the 
solenoid. There is a stage when though there is no discharge in C 
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there is very little luminosity in 5, showing that it is possible 
to have very intense currents with very little luminosity. 

To get a ring discharge the shape 
of the discharge tube must be such 
that the line integral of the electric 
force taken round the ring must be 
finite. If we use a tube such as that 
shown in Fig. 175, which corresponds 
to a wire circuit bent back on itself, 
so that the algebraical sum of the 
lines of magnetic force passing through 
it is zero, no ring discharge can be 
obtained. 

The electrodeless discharge affords 
a very convenient means of estimating 
the electrical conductivity of various 
substances under rapidly alternating 
electrical forces. We can do this by 
placing two solenoids, A and By in series in the circuit connecting 
the coatings of the jars. In .4 a bulb is placed which is in such a 
condition that it readily gives a bright ring discharge; the substance 
to be examined is placed in the solenoid By if this absorbs a con¬ 
siderable amount of energy the brightness of the discharge in A 
will be dimmed. If, for example, the substance placed in B is an 
insulator, the brightness of the discharge in A will not be dimmed 
appreciably, and little effect will be produced if a piece of copper 
of the same size and shape be substituted for the insulator. If, 
however, we substitute graphite for the good conductor, then if 
the capacities are of the order of 1 gallon Leyden jars and the 
inductance is of the order of 50 metres, the absorption of energy will 
IJrobably be so great that the ring discharge in A is extinguished. 
We can show in that way that the absorption of energy under 
alternating currents by a substance of given shape is a maximum 
when the specific resistance has a particular value depending on 
the fre(|uency of the currents. 

The following experiment illustrates how the currents induced 
by these rapidly alternating currents are confined to the surface of the 
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conductors. Two cylinders of equal size, one of copper and the 
other of iron, are placed in succession in the solenoid 5; the iron 
one produces much greater diminution in the brightness of the ring 
in A than the copper. Place over the copper one a tube made of very 
thin iron, and over the iron one a tube made of very thin copper; 
the copper with the iron tube round it will produce a greater 
diminution in the brightness of the ring than the iron tube with the 
round it. Thus the effect depends on the surface layer and 
not upon the interior. We can also determine by this method the 
connection betw'eeii electrical conductivity and the strength of 
aqueous solutions under rapidly alternating currents. By putting 
in B another discharge tube whose pressure and gas-filJing can be 
altered, we can find the effect of these changes upon the absorption 

of energy in the gaseous discharge, using the discharge in A as an 
indicator. 


Effect of I/ight on the Ring Discharge. 

The ring discharge supplies a very convenient means for 
studying the effect of various physical agents on electric discharge 
through gases: an example of this is the effect of light on the dis¬ 
charge. It has been known for many years that the passage of a 
spark between electrodes is facilitated by exposing the spark gap 
to light; this, however, is due to the photo-electric effect on the 
metal of the cathode; in the ring discharge there are no electrodes, 
and precautions can be taken to prevent the light from striking the 
glass of the discharge tube in the neighbourhood of the ring. The 
arrangement adopted by one of us is shown in Fig. 176,* 



Fig. 176. 


The ring discharge passes through the bulb A, Two long tubes 
B and C are fused on to the bulb, at the end of B there is a quartz 
window through w^hich a parallel beam of light passes down the 

1 J. J. Thomson, Proc. Phys. Soc. xl. p. 79, 1928. 
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axis of the tube; the ends of the tubes B and C are the only parts of 
the apparatus hit by the light. The length of the spark between the 
terminals of the induction coil used to produce the discharge is ad¬ 
justed so that, when the light is screened off, the ring discharge just 
ceases to pass through the bulb; when the light is sent through the 
tube a ring discharge with considerable luminosity appears. The 
effect occurs in a great number of gases, in air, hydrogen, helium, 
argon, oxygen, nitrogen, carbonic acid, iodine and mercury vapours. 
The effect depends upon the pressure; it is a maximum at a pressure 
depending on the nature of the gas. In most gases it is well developed 
at a pressure of *1 mm. of Hg. The effect is produced by light from 
very varied sources, from a mercury lamp, an arc lamp, sparks 
between metallic terminals and from the brush discharge as well 
as by the light from a spirit lamp, or the oxy-hydrogen flame, 
especially that from the luminous cone. 

It is essential for the success of the experiment that the light 
should not pass through anything opaque to ultra-violet light 
before going through the gas; very thin films of glass, mica or 
celluloid are sufficient to destroy the effect, though it is not stopped 
by plates of quartz or rocksalt several millimetres thick. The effect 
does not show much evidence of selective absorption; thus the light 
produced by an electric discharge through hydrogen in a quartz tube 
does not produce abnormally large effects on the ring discharge 
through hydrogen. 

The light does not by itself ionise the gas or produce a supply 
of free electrons. This can be proved by measuring the rate at 
which electricity escaped from a metal plate placed in the bulb A, 
out of the way of the light. When the discharge was not passing, 
the small leak due to residual ionisation was not increased by 
exposure to light. It is known (see Vol. i. p. 447) that ultra-violet 
light of very small wave-length can produce ionisation throughout 
the volume of some gases; the ultra-violet light used in the exj>eri~ 
ments just described was not of high enough frequency to produce 
this effect. But though the energy absorbed was not sufficient to 
eject electrons from the atoms or molecules of the gas, it may well 
have been sufficient to put these for a time, which is not infinitesimal, 
into a state where they are more easily ionised than when they are 
normal. Thus as the work of ionisation is already half done, the 
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external electric field, will not be called upon to supply as much. 

energy as would be required to ionise normal atoms or molecules, 

and thus the ring discharge will pass more easily when the gas is 
illuminated than when it is not. 


Effect of small Amounts of Im'purities on the Discharge, 

The ring discharge can be used to demonstrate the great effect 
produced on the discharge through gases by a small quantity of 
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Fig. 177. 


impurity. A solenoid with a few turns is wound round a long 
straight cylindrical tube, but not so tightly as to prevent the 
solenoid being moved from one place to another along the tube. 
The ring discharge produced when the alternating currents pass 
through the solenoid consists of a luminous ring inside the solenoid 
and luminous cones stretching out from each of its ends (Fig, 177). 
In long tubes filled with pure hydrogen these cones may be many 
centimetres long; they are very striking objects, brilliant red for the 
greater part of their length but tinged with blue at their tips. 

A thin cybndrical glass rod ran along the axis of the tube and on 
a portion D of the rod a thin layer of some substance was deposited. 
If this substance was sulphur, then when the solenoid did not encircle 
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Fig. 178. 


the rod, or when it encircled a part of it not covered with sulphur, 
the ring discharge was very bright, but it stopped when the solenoid 
came over the part of the rod covered by the sulphur, and started 
again when the solenoid was removed from this place. When the gas 
in the tube is either hydi'ogen, air or nitrogen, there is a rapid 
diminution of the pressure when the discharge is passing, showing 
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that chemical combination is going on; but the effect just described 
occurs when the tube is filled with helium and when there is no 
diminution of the pressure. With this rod in the tube it is impossible, 
whatever may be the gas in the tube, to maintain the discharge for 
long, even if the solenoid does not encircle the sulphur on the rod. 
The discharge may be bright to begin with, but it gets fainter and 
fainter and finally disappears. Sometimes it was found impossible 
to start the discharge again by increasing the distance between the 
terminals of the induction coil. If the tube is left for some hours, or 
if a current of gas is drawn through it, it recovers its power of 
giving a luminous discharge. There are many substances besides 
sulphur which produce this effect; phosphorus produces a very 
large effect and appreciable effects are produced by deposits of 
platinum, silver or cadmium. The effect produced by graphite is 
exceedingly small, if it exists at all. The effect is most pronounced 
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when the pressure of the gas is only a few hundredths of a milli¬ 
metre and gets much less noticeable at lower pressures. It does not 
seem to depend on the nature of the gas, as it occurs in hvdrogen, 
air, oxygen or helium. The effect with hydrogen is very interesting 
and is best observed with an arrangement such as that shown in 
Fig. 179, where the discharge tubes A and B are connected together 
by a tube C in which there is a tap, so that connection between A 
and B can be shut off or established; the rod with the sulphur upon it 
is in A, the solenoids E and F round A and B respectively are the 
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same size and are in series, so that the current flowing through them 
IS the same. When first hydrogen is admitted the discharge in A 
shows the brilliant red cones characteristic of hydrogen when it is 
emitting the Balmer lines; the red, however, only persists for a few 
seconds, the cones rapidly become whitish and the Balmer lines 
feeble, and after a short time the discharge stops. If the tap be¬ 
tween A and B is open when the hydrogen is first admitted, B also 
at first shows the red cones, and these persist much longer than those 
in A and are visible when the discharge in A stops. The cones in B, 
however, gradually lose their red colour, become white, and ulti¬ 
mately stop if the tap between A and B is kept open. If the tap in 
C is turned after the discharge in B has lost its redness, but before 
it has disappeared, the brightness of the discharge in B will increase, 
but the red cones will not reappear. They will do so, however, if a 
pad of cotton-wool dipped in liquid air is held against the tube. It 
seems to be generally agreed that tlie red discharge is due to atomic 
hydrogen and the whitish one to molecular. R. W. Wood^ has 
described some very interesting experiments on the distribution of 
the red and white discharge in the ordinary discharge with elec¬ 
trodes. The spectra of the red cones has recently been studied by 
Araksii, Ota and Kimura^. 

A simple explanation of the effects we have just described is 
afforded by the influence which even a very small quantity of im¬ 
purity may have upon the life of an electron. It has been shown 
(see Vol. I, p. 133) that a small quantity of an impurity may reduce 
the life of an electron to a small fraction of that in a pure gas. When 
the impurity is present the electron unites with it to form a negative 
ion which has no ionising power. The presence of the right kind of 
impurity shortens the life of the electron, diminishes its ionising 
power and thereby increases the difficulty of producing the dis¬ 
charge. As sulphur is a strongly electronegative element it, or any 
volatile compounds, would probably be very effective in capturing 
electrons. 

1 R. W. Wood. Proc. Roy. Soc. xcvii. p. 455, 1920; Phii. Mag. xlii. p. 729, 1921. 

2 Araksu, Manoirs of the Faculty of Science, Taihohu University, v. p. 1, 1932. 
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Striations in the Ring Discharge, 

Like the positive column the ring dis¬ 
charge is sometimes striated, though the 
striations only occur between narrow limits 
of pressure and current and as far as is 
known at present only in hydrogen; the 
appearance of the striated discharge is shown 
in Fig. 180. 

After-gloiv following the Ring Discharge, 

Some gases remain luminous for a considerable time after the 
electrodeless discharge has stopped. The duration and brightness 
of this phosphorescence vary greatly with the nature of the gas and 
the conditions of the discharge. Under favourable conditions the 
after-glow may be visible from one end of a large room to the other 
and may last more than a minute. The after-glow in oxygen, con¬ 
taining probably some impurity, is very pronounced. Good glows 
occur in NO, NgO, SO 2 , C 2 H 2 , but not in coal-gas. Pure helium does 
not glow, but when it contains a trace of Ng it gives an exceptionally 
bright and prolonged glow, as it does also when it contains a trace 
of Og or air. COg does not give a glow when the ring discliarge first 
begins to pass through the gas, but after a time the glow appears, 
probably owing to the decomposition of the gas by the discharge. 

Some gases give more than one type of glow; thus when the 
ring discharge goes through SOg, the after-glow is blue at first but 
after a second or two it changes to yellow, which may last for more 
than a minute. 

Though the presence of some substances increases the glow 
greatly, there are others which stop the glow even in gases which 
would give a bright glow if they were not present. This can be 
sliown in the following way. Two equal bulbs, A and B, are con¬ 
nected by a tube so that the pressure and nature of the gas are the 
same in both. A contains nothing but the gas, but there is a small 
piece of tungsten fastened in B\ the bulbs contain a gas which glows 
well, e g. helium with a trace of Ng ; if ^ is plunged in the solenoid 
there is a bright after-glow, but when B is plunged in the solenoid 
no after-glow can be detected. It would seem that the tungsten 
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prevents the glow being formed rather than destroys it after it has 
been formed, for in this case the tungsten itself would be covered 
a glow. The after-glow does not invariably accompany the ring 
discharge, even in gases which glow brightly under suitable con¬ 
ditions. Its production requires a greater electric force than that 
required to produce a discharge bright enough to be detected with 

certainty; it does not appear unless the pressure is between certain 
limits. 


Condensation of the Substance Producing the After-glow. 

A good deal of light is thrown on the nature of these glows by 
observing what happens when their temperature is lowered to that of 
liquid air. A convenient way of doing this is to dip a pad of cotton¬ 
wool in liquid air and press it against the walls of the discharge tube. 
If this pad is apphed just after the ring discharge has ceased and 
when the glow is well developed, the glow disappears much more 
quickly than it did w'ithout the cooling. If the pad is taken away 
the part of the glass which had been nearest to it is covered with a 
luminous glow; if this part is warmed the glow evaporates and 
luminosity spreads through the tube. Sometimes the colour of the 
light changes at different stages of the evaporation, as if the material 
condensed were a mixture of different substances with different 
boiling points. These different kinds of after-glows are differently 
affected by cooling; if, as is often the case, the first after-glow is 
blue followed by one which is yellow, the effect of the liquid air 
upon the blue glow is almost instantaneous, while that on the 
yellow takes some time to develop. 

If the pad is applied whilst the discharge is passing and taken off 
just before it stops, some kinds of after-glow do not appear at all. 
Thus NgO, when not cooled, gives a blue after-glow, but when it is 
cooled by the pad during the discharge the blue glow disappears 
completely and is replaced by an intense yellow one. 

The effect produced by the cold pad sometimes changes in 
character with the pressure of the gas. Thus if the gas is oxygen 
with a slight amount of impurity, then at a pressure of about 
1 mm. of Hg there is a good glow when the gas is not cooled but 
none w^hen it is. This might be explained by the freezing out of the 
impurit}' which was necessary to produce the glow. 

When the pressure is lowered there is a stage when there is no 
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glow without the cooling but a good one with it; this glow is a 
different colour from the preceding. There are some impurities, as 
we shall see, which stop the glow instead of increasing it; if such 
were present we might get a glow with the cold gas but not with the 
warm. 

With a still lower pressure there is in some cases no glow either 
with or without the pad, but w^hen the pad is removed as the gas 
warms up a glow appears. This may be due to the evaporation of 
phosphorescence condensed on the walls of the tube by the pad. 

If when the oxygen is at a pressure of about 3 mm. or so of Hg 
and giving a good glow a little hydrogen—less than 1 per cent.—is 
introduced into the gas, the after-glow will disappear after a few 
seconds, but if a pad is now put against the bulb the glow reappears. 
This seems to be due to the production of water by the combination 
of hydrogen with oxygen under the discharge; this acts like the 
substance mentioned before which prevents the discharge and when 
it is removed by cooling the glow reappears. 

A very interesting and suggestive phenomenon is that shown 
in the following experiment. The ring discharge is produced in a 
bulb A which is connected with another bulb S by a tube C in 
w'hich there is a tap T. Before the discharge begins the tap is 
opened, so that A and B contain the same gas at the same pressure ; 
the tap is then closed and the ring discharge sent through A. When 
the discharge stops A is filled wuth glow which gradually fades 
away; if after the glow in A has become faint the tap is opened, so 
that the gas from B can diffuse into Ay the arrival in A of the gas 
from B is accompanied by the reappearance of the glow in A. In 
some gases such as NO, the increase is so vivid that it is almost 
startling. The eff’ect must not be confounded with that discovered 
many years ago by Newall that a sudden compression revived the 
after-glow, for the pressure gauge showed no difference between the 
pressure in the two bulbs. 

The increase of the brightness of the glow in A by the diffusion 
into it of the gas from B only occurs when the B gas is one in which 
after-glows occur readily. If the experiment is modified so that the 
gases in A and B are different, B being a gas which does not give 
the after-glow, opening the tap will not increase the glow in A. 

We may regard phosphorescence as arising from the presence 
of certain substances which have only limited stability, i.e. 
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which are stable under disturbances which do not communicate 
to them more than a certain amount of energy, but unstable for 
greater disturbances. We may compare them to a ball in a cup on a 
hill-side; if the disturbance which the ball receives is not sufficient 
to enable it to get over the rim of the cup, its position is stable; 
greater disturbances will carry it over the rim and it will run down 
the hill to a more stable position. Thus when the phosphorescent 
substances receive energy from light, or electrons, they may pass 
into more stable states and give out light during the transition; 
in this second state they cannot phosphoresce, so that the emission 
of the phosphorescent light involves the destruction of the material 
which produced it. We saw (p. 5) an example of this in the 
phosphorescence produced in glass by cathode rays; after long 
bombardment the glass is no longer able to phosphoresce. In solids 
or liquids these substances are present to begin with and are not pro¬ 
duced by the light or cathode rays. AVheii the glows are produced 
by the discharge through gases there are wider possibilities, for the 
discharge itself may produce the substances which give out the 
luminosity. Thus (p. 443) we saw that CO 2 did not at first give a 
glow, but did so after the discharge had been passing for some time. 

There may be also cases, as in solids and liquids, where the 
discharge excited the phosphorescence in systems present in the 
gas to begin with. The experiment, p. 445, seems to show that 
this does occur in gases. It is difficult to see how the introduction of 
gas which had not been sjjarked through could revive the phos¬ 
phorescence unless it introduced a new supply of phosphorescent 
material. The discharge passing thi*ough A may have produced 
a number of systems, which like atoms in the ‘excited* state 
possess more than the normal energy, and which can supply energy 
to make the phosphorescent material in A phosphoresce; this 
pliosphorescence involves, however, the destruction of this material 
and if before the supply of the excited systems in A was exhausted 
most of the material had disappeared, the introduction of new gas 
from B would renew the supply and increase the glow. 

Since the phosphorescent material can be separated from gases 
by cooling, these glows would appear to furnish a valuable means of 
studying the natm*e of phosphorescent materials*. 

I J. J. Thomson, Society Fran^aise des l&lectricienSt June 1927. 
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Section K. Intermittence in the Electric Discharge. 

Intermittence in the electric discharge under a constant poten¬ 
tial difference seems to have been first observed by Gassiot* in 1860. 
An excellent account of the researches made on this subject down 
to 1926 has been given by Valle More recent investigations have 
been made by Appleton and \Vest3, Newman4, K. E. Clay5, Whid- 
dington®, Gill7j R. W. Wood® and J. J. Thomson^. Direct experi¬ 
ments on the oscillations of dense streams of electrons in mercury 
vapour have been made by Tonks and Langmuir who estimated 
the frequency of some of the vibrations they observed to be as high 
as 10®. The intermittence can be detected by observing the discharge 
in a rotating mirror with its axis parallel to the direction of the 
discharge or, if it be not too rapid, by inserting a telephone in the 
circuit. Sometimes, as in the neon lamp, it is so slow that it can be 
observed easily without extraneous means. 

In some experiments made by one of us two rotating mirrors 
were used, a small one very carefully made which could run up to 
about 200 revolutions per second and which under good conditions 
would separate discharges having a frequency of 5 x 10^; for the 
slower frequencies a large one was used rotating up to 20 revolutions 
per second, which naturally gave much brighter images. 

In all these experiments, when the pressure of the gas and the 
current passing through were within certain limits (the limits for 
the current depending on the pressure and vice versa)y the discharge 
was found to be intermittent whether it was produced by a battery 
of storage cells with either a cold cathode or one made of a hot 
tungsten filament, by a constant voltage dynamo or by an induc¬ 
tion coil. The tube when observed in the larger mirror showed the 
following effects. If the gas in the tube is hydrogen at a pressure of 

1 Gassiot, Proc. Roy. Soc. x. p. 393, 1800, 

2 Valle, Phys. Zeits. xxvii. p, 473, 192G. 

3 Ai)pleton and West, Phil. May. xlv. p. 879, 1923. 

4 Newman, Phil. May. xlvii. p. 939, 1924. 

5 Clay, Phil. Mag. 1. p. 985, 1925. 

6 Whiddington, Proc. Roy. Inst. xxv. p. 07, 1926. 

7 Gill, Phil. Mag. viii. p. 955, 1929. 

8 R. W. Wood, Phys. Rev. xxxv. p. 673, 1930. 

9 J. J. Thomson, Phil. Mag. xi. p. 097, 1931. 

lo Tonks and Langmuir, Phys. Rev. xxxiii. p. 195, 1929. 
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a millimetre or so of mercury, when the voltage applied to the tube 
is gradually increased until the discharge begins to pass, the first 
appearance of the tube as seen in the revolving mirror is that of a 
series of fine bright lines equally spaced and exceedingly close 
together, stretching right across the field of view, indicating inter¬ 
mittent discharges occurring many thousand times per second; at 
this stage no change is produced by connecting the electrodes of the 
discharge tube with a large Leyden jar. When the potential dif¬ 
ference, and with it the current, is gradually increased, a stage is 
reached when the appearance of the discharge changes with dramatic 
suddenness. The image in the mirror is now crossed by a series of 
very bright and sharp lines (Fig. 181), which we shall call ‘a lines,’ 
and between these a lines the lines seen in the previous stage 
(P lines) are visible though faint. The frequency of the inter- 
inittence corresponding to the a lines is at most a few per cent, of 
that corresponding to the p lines. The insertion of a Leyden jar in 
parallel with the discharge tube, which produces no effect on the 
lines, produces a great increase in the distance between the a lines 
and this increase seems to be a 
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Fig. 181. 


linear function of the capacity 
of the jar. On increasing the 
voltage still further, the bright¬ 
ness of the a lines increases 
for a time, but they disappear 
suddenly when the voltage 
reaches a certain value. With 
voltages above this value the appearance is hke that of the first 
stage—nothing except p lines can be seen in the field of view. In 
tills stage, as in the first, the addition of the Leyden jar produces 
no effect. There is generally a patch of luminosity alongside each a 
line on the side, which shows that it occurs later than the line itself. 
Examination by the more rapidly rotating mirror shows that this 
luminosity consists of a number of fine lines very close together, 
the distances between them corresponding to frequencies of from 
10^ to 10®. We shall call these lines ‘y lines’; they are represented 
in Fig. 182. 

When the capacity of the discharge tube is small the a lines may 
come so close together that the y lines of one a line extend to the 
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next and the discharge looks like Fig. 183. In helium the a lines are 
bluish and the p and y tawny. If a transverse magnetic field be 
applied to the tube the yS and y lines are driven off and there are 
only the a lines as shown in Fig. 184. 



If instead of increasing the e.m.f. on the circuit we increase the 
current by increasing the temperature of the filament, the same 
changes occur as the temperature rises as when the temperature is 
kept constant and the e.m.f. increased, i.e. at first there are only 
^ lines, the a and y lines appear when a higher temperature is 
reached and at a still higher temperature there are again nothing 
but ^ lines. Again, if we keep both the e.m.f, and the temperature 
constant but gradually reduce the i^ressure, we find at the pressure 
where the discharge begins that the 
^ lines ai’e the only ones to be seen; 
when the pressure is continually re¬ 
duced a stage is reached when the 
a and y lines appear, these persist 
through a considerable range of pressure and then die out and 
only fB lines are to be seen; these arc often done up in groups as 
indicated in Fig. 185. 

It was found by plotting the cliaracteristic curve for the dis¬ 
charge, i.e. the relation between the e.m.B'. and the current, that 
when the a lines were present dEjdl was negative, where E is 
the E..M.F., and I the current. When ilEjdl is negative, the dis¬ 
charge is unstable, except the resistance in the circuit exceeds a 
certain value. This suggests that when the a lines are present, the 
steady discharge is unstable, and that the discharge consists of a 
sequence of explosions. Evidence in sui>port of this is that when a 
specially bright a line flashes out, it is followed by a large black 
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patch devoid of all luminosity, instead of as in Figs. 182 and 183 by 
the y lines. This seems to indicate that the explosion is 
so violent that all the luminous gas is driven out of the 
path of the discharge, carrying with it the material which 
produced the luminous lines. In some cases the explosion, 
though not violent enough to produce a dark space, is 
sufficient to disturb the y lines which immediately follow 
it and bends them into all sorts of kinks and curves. When 
a large Leyden jar is put in parallel with the tube so as 
to produce very intense discharges, the a Line is no longer 
straight but is followed by streamers like those shown in 
Fig. 186. 

When the whole of the discharge from cathode to anode is in 
the field of view, examination by a rapidly rotating mirror shows 
that the intervals between the lines due to one part of the tube are 
not the same as those between the lines due to another part. They 
may not be the same close to the cathode as they are in the middle 
of the tube or close to the anode. There may thus be different rates 
of intermittence in different parts of the tube. The relative magni¬ 
tude of these rates seems to vary with the shape of the electrodes, 
the pressure of the gas and the intensity of the current; in 
some cases the lines are closer together at the cathode than at the 
anode, in others they are more mdely separated. Some of the lines 
seem to exist only close to the cathode or anode, while a large 
number stretch right across the tube. 

The origin of the a lines, i.e. those which are affected by the 
capacity connected with the tube, seems clear; it requires a 
definite e.m.f. to send the discharge through the tube and this 
E.M.F. implies a charge proportional to it in the condenser. 
When the discharge takes place this charge is lost, it is as if the 
condenser were short-circuited through the tube, and for a time the 
potential between the electrodes is less than that required for the 
discharge; the current from the battery to restore the potential 
difference to the sparking value will have to give to the condenser 
a charge proportional to the sparking potential. This will take 
some time, and during this time no current passes through the tube. 

Let us now consider the possible sources of the other lines. We 
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have seen (p. 353) that a mixture of equal numbers of positive ions 
and electrons, such as those which occur in the negative glow or 
positive column, has definite frequencies of vibration, namely 

{Ne^/TTm)^ and (N /tt M)^, 

where N is the number of electrons per unit volume, m the mass 
of an electron and M that of a positive ion^. The latter is also the 
frequency when instead of a mixture of electrons and positive ions 
we have a mixture of positive and negative ions of equal mass M, 
and also that of the positive ions in the dark space, N being the 
density of the ions. These vibrations would be accompanied by 
alternating electric forces of the same frequency. The luminosity 
due to these currents would be proportional to the square of the 
amplitude, so that its frequency would be doubled. Since M is 
much greater than m the frequency due to the ions would be much 
less than that due to the electrons. Since these vibrations are har¬ 
monic, the luminosity in the lines due to them might be expected to 
be distributed in bands whose breadth was of the same order as the 
distance between them; this would not fit in with the appearance of 
the thin a or ^ lines, though it might with that of the y lines, which 
would thus be regarded as due to the oscillations of positive ions 
excited by the explosion corresponding to an a line. The frequency 
of the electron vibrations would be too high to be observed. 

The origin of the /3 lines is more obscure; from their sharpness 
we should judge that they indicate an intermittence rather than a 
vibration. The following considerations seem to suggest the possi¬ 
bility of a kind of discharge followed by recharging which would 
lead to an effect similar to that indicated by the /3 lines. 

Let CD be a cylinder with electrodes at the ends C and D con¬ 
taining ionised gas, the state of ionisation being that of a portion of 
tlie positive column of the same length and radius. Charge up C and 
D suddenly, establishing between them the same potential difference 
as exists between the same length I of the positive column, let this 
potential difference be If f is the disi^lacement of each 

electron in the cylinder at the time t the equation of motion is 

in = X^e — 

1 J. J. Thomson, Phil. Matj, xi. p. 397, 1931. 
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where p is the density of the electrons or positive ions; the solution 
of this equation if ^ and d^fdt vanish when i = 0 is 


where 




X. 


CO” = 


4t7Tp 

4t7Tpe 


(1 — cos a>0> 


4^e^N 


m 


m 


i.e. cvis the frequency of the vibrations we have just been considering. 
The maximum displacement is Xo/27rp, and all the electrons within 
this distance from A will be driven against it and there will be a 
rush of Xo/27r units of negative electricity from the cylinder per 
unit cross-section. All the electrons at a greater distance than 
XqI27tp from A will turn back before they reach it and will oscillate 
backwards and forwards in the tube with the frequency a>, no more 
will strike against the anode and there will be no current after the 
first rush. The electric force acting on the electron is 

Xq — 4/Trp^ = Xq cos toty 


so that the force is now a rapidly alternating one. The electrons get 
lost by diffusion to the sides and by combination with the molecules. 
In the positive column this loss is repaired by ionisation by col¬ 
lisions with electrons, the electrons acquiring the energy required for 
this in the steady electric field Xq. In the vibrating system of elec¬ 
trons the electric force is not Xq but Xq cos pty the energy given by 
this field to the electrons will be very much less than that given by 
the constant field if the oscillations are so rapid that the amplitude 
of \ubration of the electron is small compared wuth the mean free 
path; in this case the energy acquired in the field varies inversely 
as the square of the frequency; when the frequency is so small that 
the amplitude of vibration is large compared with the free path the 
alternation of the force does not make much difference to the energy 
required by the electron. 

Thus when the density of the electrons, and therefore the fre¬ 
quency of the vibrations in CD, is great the electrons will not receive 
as much energy as those in the positive column, but as in this they 
only received enough to enable them by ionisation to balance their 
losses, in the vibrating system they w'ill not be able to do so and the 
glow discharge will cease. The electrons which come into CD from 
the Faraday dark space will not receive enough energy to provide for 
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their successors, and the discharge at the end of this space will degene¬ 
rate into a kind of brush discharge. The exhaustion of the electrons 
provides however its own cure. As the density of the electron 
diminishes, their frequency will diminish and their power of 
ionisation increase. The effect they produce on the electric field 
will diminish too and the electric force will recover its former con¬ 
stant value Xq. The positive column will be restarted but it is not 
to be expected that it will sink into the steady state so quietly that 
vibrations are not started. These, as before, will lead to the elimi¬ 
nation of the electrons and the stoppage of the discharge. The 
cycle will go on and the discharge through the tube will be inter¬ 
mittent. 

Ring Electrodeless Discharge, 

When the ring electrodeless discharge was examined by the 
rotating mirror, no a or lines were observed. All that was to be 
seen was a single bright and very sharp line accompanied by a 
luminous band, which was not resolved into lines, even when the 
small mirror was used at its highest speed. 

The Throbbing Discharge. 

The frequency of intermittence in the cases we have hitherto 
considered is such that the discharge appears continuous unless 
viewed in a rotating mirror. There are, however, other types of 
intermittence, when the interval between successive discharges may 
be as great as several seconds and is thus on quite a different scale 
from that associated with the a lines. Perhaps the best-known ex¬ 
ample is that furnished by some types of commercial neon lamps 
When connected to a constant source of potential through a high 
resistance with a capacity in parallel with the lamps, bright flashes 
are observ'ed separated by an interval of darkness which increases 
with the resistance and capacity used, the frequency varying from 
that of a musical note to one a minute. The explanation is simple. 
While the discharge in such a lamp requires about 171 volts to 
start it, it can be maintained by much less, down to about 140. 
Thus the discharge will not begin until the couderiser is charged to 
171 volts, a flash then occurs and the potential falls to 140 when the 

X Pearaon and Anson, Proc. Phtjs. Soc. xxxiv. pp. 175, 204, 1022. 
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lamp gives out and the condenser is slowly recharged through the 
resistance, 

A simple way of producing intermittence is to use a vertical 
cylindrical tube, the electrodes being parallel metal discs whose 
radii are but slightly less than that of the tube. The upper electrode 
hangs from a wire which passes over a winch, so that the distance 
between the electrodes can be altered without altering the gas. 
Suppose the distance between the electrodes is at fixst much greater 
than the thickness of the dark space, then as the upper electrode is 
lowered the diminution in the distance between the electrodes at 
first produces little diminution in the deflection of a galvanometer 
in series with the discharge tube; when, however, the upper elec¬ 
trode gets so near the lower that only a small portion of the negative 
glow is left, the current diminishes very rapidly as the distance be¬ 
tween the electrodes diminishes, and it only requires a very small 
further diminution in the distance to stop the discharge altogether. 
In the short range between the beginning of the rapid diminution 
of the current and its extinction, the current is intermittent; it 
stops for a time and then goes on again and may go on doing this 
for hours if the conditions are favourable. The tube behaves very 
much like an intermittent neon tube; the gas, however, need not be 
neon, almost every gas shows it, though some show it more easily 
than others; it is especially well marked in helium and in COg. We 
shall call this visible intermittence of the discharge ‘throbbing.’ 
When the distance between the electrodes reaches the value 
when throbs begin, these follow one another very rapidly; when 
the electrodes get nearer together the throbs get slower and finally 
the current stops. A large number of factors influence the throbbing 
—one of these is the electrification of the walls of the tube; when the 
tube is throbbing, touching it with a finger will alter the rate and 
may stop it altogether. 

The discharge, w^hen the distance between the electrodes is 
nearly equal to the thickness of the dark space, is extraordinarily 
sensitive to external influences and may be used as a detector. 
When in this condition the current sent through the tube by a 
given E.M.F. depends to a very large extent on the condition of the 
electrodes A and B. Even when these are made of the same metal 
and have been treated in the same way, the current for the same 
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E.M.P. is different when A is cathode and B anode from what it is 
when B is cathode and A anode. It is generally possible to adjust 
the distance between the electrodes so that the current will pass in 
one direction but not in the opposite. Again, it often happens that 
the tube will throb when the current is in one direction, but not 
when it is in the opposite. 


Polarisation at the Electrodes, 

A characteristic feature of the discharge when the distance 
between the electrodes is nearly equal to the thickness of the dark 
space is the diminution in the current which occurs after the e.m.f. 
is first applied. The current does not remain constant, but diminishes 
rapidly at first and then more slowly. Sometimes it diminishes to 
zero, in other cases it reaches a certain value and then remains 
constant. In the early stages the current may have been too large 
for throbbing, but throbs may appear as it diminishes; as it 


3 

Z 

I 


Fig. 187. Hydrogen pressure -2 mm.; ortlinates current in milliamp.; 
abscissae time in minutes; current reversed at P; ordinates in 
dotted curve represent magnitude of reversetl current. 



diminishes still further the intervals between the throbs get longer 
and longer and either reach a constant value or else the discharge 
stops. The time taken by the discharge to reach a steady state may 
be more than an hour. The diminution in current was observed with 
H 2 , O 2 , N 2 , CO 2 and helium. It is of the same character as that 
which occurs in liquid electrolytes owing to the polarisation of 
the electrodes. The analogy is increased further by the behaviour 
of the gaseous currents when the e.m.f. is reversed. The reverse 
current starts at a high value, then diminishes very rapidly down to 
a minimum and then begins to increase. The graph in Fig. 187 repre- 
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sents the relation between the current and the time for a discharge 
through hydrogen at a pressure of *2 mm. 

This polarisation suggests an explanation of the throbbing. Near 
the electrodes and on the walls of the tube there will be a distribu¬ 
tion of electricity which ^dll produce a counter electromotive force 
and diminish the current. The polarisation may increase so much 
that the current falls below that required to maintain the discharge 
and the discharge stops. The effect is of the same type as that in the 
so-called pseudo-high vacuaS where the discharge is stopped by 
opposing electric forces and not by the smallness of the pressure. 
The distribution of charged ions which produce the polarisation 
will tend to disappear unless continually renewed by fresh ions 
and electrons produced by the electric discharge. So that if the 
discharge stops the polarisation will begin to diminish and with 
it the counter e.m.f. It requires, however, a considerably larger 
E.M.F. to start the discharge after it has been extinguished than 
to maintain it when once started, so that the counter e.m.f. will 
have to diminish by a considerable amount before the discharge 
starts again. As this diminution is caused by the dispersion of 
charged particles near the electrodes, it will take an appreciable 
time and during that time there mil be no luminosity in the tube; 
this stage corresponds to the dark part of the throb. When the 
counter e.m.f. has diminished so much that the current can start 
again the luminosity will reappear, the current will run down as 
before and the process will be repeated. The throbbing depends 
on so many variables that it is not surprising that its character 
changes apparently capriciously and that the alterations observed 


I This curious effect consists in a discharge going ‘hard’ although the pressure of 
gas is ample to support the discharge under normal conditions. It usually occurs 
after the discharge has been running for some time. Giintherschulze {Zeits.f. Phys. 
xxxi. p. 606, 1925) has examined it carefully, and has shown that it is due to the glass 
round the anode becoming charged negatively by the cathode rays and so preventing 
the electrons from reaching the anode. The shape of the discharge tube is an im¬ 
portant factor and, as might be expected, it usually occurs when the anode is up a 
relatively narrow side tube so that a charge round the neck of the joint has a powerful 
effect. Anything which removes tliis charge restores the normal behaviour of the dis¬ 
charge. Thus, if the glass has retained a layer of moisture, or is heated so as to be 


even slightly conducting, the resistance to the discharge disappears. Even touching 
the glass with the finger may be suflScient. See also Badareu, Zeiis. f. iechn. Phys. xii. 
2). 298, 1931. 
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when the pressure is diminished are not repeated in the reverse 
order when the pressure is increased. This capriciousness is very 
apparent. 

A discharge tube when in the condition to give throbs is in a 
very sensitive state and furnishes a convenient means of studying 
the effect of small changes in the conditions of discharge. If a pad 
of cotton-wool dipped in liquid air is pressed against the discharge 
tube the current will be greatly diminished; when the pad is re¬ 
moved the current begins to increase very slowly at first, but after¬ 
wards with great rapidity, and the current rises to far beyond its 
value when the pad was applied (the hydrogen lines are very 
bright at this stage), it then begins to decline and sinks to its 
initial value. It is evident that something which facilitates greatly 
the discharge is condensed by the liquid air against the walls of the 
tube, and the fact that the hydrogen lines are very prominent when 
this evaporates suggests that one of these substances is water 
vapour. There seem to be more substances than one; Fig. 188 shows 



the current at varying intervals of time after the removal of the pad. 
No effect seems to have been produced until after 90 seconds, when 
the glass has got warm enough for the most volatile of the deposits, 
perhaps CO 2 , to distil off; then there is a lull in the rise of the 
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current until the temperature rises to that at which the most im¬ 
portant impurity H 2 O begins to distil over. 

The substances which produce this efEect are present in the gas 
when the discharge is not passing and are not manufactured by the 
current. This is proved by the fact that if the pad is pressed against 
the tube for some time before the discharge starts, and taken off 
just before it starts, the increase in the current is as great as it 
would have been if the current had been passing all the time the 
pad was against the tube. 

Section L. Disintegration of the Cathode and 

Adsorption of Gas. 

A very marked feature of the discharge of electricity through 
gases is the deposition of metal from the cathode on the walls of 
the tube. After long use the layer of metal on parts of the tube 
becomes quite opaque, and the alteration in the dimensions of the 
cathode quite visible. For example, the copper tube inserted in the 
cathode in the experiment on positive rays (Vol. i. p. 268) after a few 
days’ work will have shortened by some millimetres and the tubes 
be clogged with metallic dust. Advantage is taken of this way of 
depositing metal in the production of semi-transparent metallic 
films on glass for optical and other purposes. 

The effect was observed by Plucker as long ago as 1858, but 
in spite of this and its continual use in technical applications our 
knowledge of it is very unsatisfactory. There is no generally ac¬ 
cepted theory, and the results obtained by different experimenters 
are very contradictory. It is in reality a very complex phenomenon 
depending on conditions which are only being discovered by degrees, 
and which not being suspected are not specified in the description of 
the experiment. In the great majority of the experiments the metal 
has been spluttered from the cathode in an ordinary glow discharge. 
This method gives an ample supply of positive ions to bombard the 
cathode, but it is mixed up with all the complexities of the cathode 
dark space. The conditions would be more definite if, as in the 
study of positive rays, the stream of positive ions was produced in 
one vessel and allowed to fall on an unelectrified plate in another. 
The thin deposits of metal on the sides of a tube are rapidly driven 
off when a stream of positive ions is directed against them; this 
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miglit supply a convenient metliod of studying the rate of dis¬ 
integration of the metal. 

An excellent account of the experiments made before 1912 will 
be found in a report by Kohlschiitter^, and bibliographies of later 
workin papers by Guntherschulze^, Blechschnudt3 and von HippeH. 

The spluttering due to the impact of positive rays is not confined 
to metals. Stark and Wendt 5 found that it occurred with quartz, 
rocksalt, glass and mica. In all these substances, except quartz, 
long exposure produces a blistering. Campbell Swinton^ found that 
on heating the glass from a tube which had been used for a long 
time gas bubbled out from the softened glass. Soddy and McKenzie?, 
on repeating the experiment, found that the gas which bubbled out 
was not always the gas through which the discharge had passed. 
They suggest that, owing to the heat developed by the bombard¬ 
ment, some of the metallic compounds diffused in a colloidal state 
in the glass may decompose and give off gas; this will be diffused as 
bubbles through the gas and come out when the gas is softened by 
heat. 

The theory has been advanced that spluttering is due to the 
heating of gas contained in small cavities in the metal; the heated 
gases exerting so much pressure that they break the walls of the. 
cavity and project them away from the electrode. It is possible that 
such an eff’ect may sometimes occur, but it cannot be the usual 
method of disintegration, for if it were the deposit would consist of 
specks of the metal and not have the continuity of structure it 
would possess if it were built up atom by atom. Now von Hippel 
{loc. cit.) has shown from spectroscopic evidence and Baum® from 
the magnetic deflection of the particles that the great majority at 
any rate of these particles are uncharged atoms. Baum estimated 
the velocity with which these atoms travel to be of the same order as 
the velocity of atoms of the vapour of the metal at its boiling point. 

1 Kohitichiitter, Jahrbuch der Radioakt. ix. p. 355, 1912. 

2 Gunt!ierschulze, Zeits. f. Phys. xxxvi. p. 563, 1920. 

3 Blcchschmidt, Ann. d. Phys. Ixxxi. p. 999, 1920. 

4 von Hippel, Ann. d. Phys. I.xxxi. p. 1043, 1920. 

5 Stark and Wendt, Ann. d. Phys. xxxviii. p. 921, 1912. 

6 Campbell Swinton, Proc. Roy. Soc. Ixxix. p. 134, 1907. 

7 Soddy and McKenzie, Proc. Roy. Soc. Ixxx. p. 92, 1908. 

8 Baum, Zeits. f. Phys. xl. p. 686, 1927. 
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Von Hippel considers that only a portion of these atoms reach 
the walls of the tube and that the rest go back to the cathode, A 
quantity of great importance is the number of atoms of the metal 
ejected by the impact of one positive ion against the cathode. This 
depends on the energy of the ion, i.e. upon the number of volts it 
has fallen through, as well as upon the nature of the metal and the 
ion. We could get the number of ions which strike unit area in unit 
time if we knew the value of the current and the proportion of it 
carried by positive ions. We have seen (p. 427) that this proportion 
depends upon whether the discharge is normal or abnormal. In the 
abnormal discharge where the cathode fall of potential is large the 
fraction of the current carried by the positive ions is less than in the 
normal discharge. If the whole of the current were carried by the 
positive ions, the number of ions striking against the cathode would 
be equal to the number of silver atoms liberated in a silver volta¬ 
meter placed in series with the discharge. Kohlschiitter * and his 
collaborators got the following results in an experiment of this kind, 
using a silver cathode for the discharge tube. 


Gas in discharge tube 

Loss of weight 
by spluttering 

Silver deposited 
in voltameter 

Hydrogen 

1 

-27 

1*2 

Helium 

•4 

1-2 

Nitrogen ; 

205 

2*4 

Oxygen 

4*7 

2*05 

Argon 

5-2 

1*45 1 

i 


The proportion between the numbers in columns 2 and 3 would 
depend upon the potential fall at the cathode, but the table is suffi¬ 
cient to show that a charged ion striking against a silver plate can 
liberate more than one atom of silver. 

Fig. 189 due to Blechschmidt {loc. cit.) represents the relation 
between the disintegration of different metals in argon. 

Very valuable experiments on the number of atoms liberated by 
the impact of one ion have been made by the Research Staff of the 
General Electric Company of England^, and their expei'iments are 

1 Kohlschiitter, Zeits. f. Eleklrochem. xii. p. 3C5, 1906; xiv. p. 221, 1908, 

2 Phil, Mag. xXv. p. 98, 1923. 
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perhaps the ones where the conditions have been most clearly 
defined. The metal bombarded was a thin tungsten wire used as 
the grid of a hot wire valve with an incandesc^t tungsten filament 



as its cathode; the grid was at a lower potential than the filament, 
and the difference of potential ranged up to about 700 volts, the 
positive ions thus had considerable energy when they struck against 
the wire. The disintegration of this wire was measured by the 
changes in its resistance, which gave the change in the radius of its 
cross-section; it was found possible to determine in this way a small 
amount of disintegration. The results with various gases in the dis¬ 
charge tube are shown in Fig. 190. The ordinates represent the number 
of atoms driven from the wire when one charged ion strikes against 
it, the abscissae the potential difference between the hot filament 
and the wire. We cannot be sure that this represents the energy of 
the ions when they strike against the wire, for the ionisation which 
produces the ions may not all be confined to the neighbourhood of 
the hot filament; this is one of the uncertainties of the method, 
another is the proportion carried by electrons of the current coming 
to the wire. It will be seen that the greatest number of atoms de- 
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tached from the tungsten wire was *5 for each ion striking against it; 
this is much less than the number found to be detached from silver 
in the previous investigation—the difEerent metals differ, however, 
greatly in the amount of disintegration they undergo and silver is 
one of the most easily disintegrated metals and tungsten one of the 
most difficult. There is a rough agreement between the results of 



Fig. 190. 

different experimenters on the order in which the different metals 
should be placed; the following is a table of this order due to von 
Hippel, loc. cit.i the number ip in the second column is the work 
expressed in electron volts, required to extract an atom from the 
metal in sublimation. The table shows, as we might have expected, 
that there is a strong correlation between the spluttering and tp the 
work required to separate an atom from the metal. 

Aluminium, magnesium and zinc all disintegrate very shghtly; 
this is due to the formation of thin layers of oxide over their surface. 

If V is the potential through which the positive ion falls, the 
maximum number of atoms which could be detached by one ion 
from the metal is Vftp. In the case represented in Fig. 190, where V 
was 700 and ip 11*4 volts, the maximum number would be 61. 
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1 

Metal 


Order for 
disintegration 

Cd 

1-43 

Cd 

Zn 

1*56 

Ag 

Sb 

202 

Cu 

Bi 

2-22 

Au 

Pb 

2-35 

Bi 

Ag 

302 

Ni 

Cu 

3-86 

Sb 

Sn 

4*0 

Pb 

Au 

4*2 

Sn 

Ni 

■ ■ 

Pt 

Fe 

60 

Zn 

Pt 

6-9 

VV 

W 

11-4 



Variation of the Disintegration with the Gas in the Tube. 

All observers are agreed that the amount of disintegration varies 
with the nature of the gas in the tube and that it increases with the 
atomic weight of the gas. It is large in argon and small in hydrogen 
and helium; this is well shown in Figs. 190 and 191, in the former the 


J 



disintegration with helium is so small that the graph is hardly 
separated from the axis. 
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Anotlier source of disintegration is of a chemical nature and has 
been investigated by Guntherschulze^ The gas under the influence 
of the discharge may get into the state in which it can combine with 
the metal; if the result of the combination is a volatile compound 
of the metal, this will escape from the cathode and, as it contains 
some of the metal, will cause the cathode to lose weight. This effect 
is shown in a very striking form in Fig. 192, taken from a paper by 
Guntherschulze, 



It will be seen that the curve for Sb is of quite a different charac¬ 
ter to that for the other metals. Sb, however, under the electric 
discharge, forms the compound SbH 3 , and it seems probable that 
most of the disintegration in Sb is due to this cause. It is quite 
possible that this chemical effect may exist for other metals, though 
not to so great an extent. Secondary effects of this kind probably 
cause the wide variations in the results obtained by different 

observers. 


I Guntherschulze, Zeiis,f. Phys, xxxvi. p. 563, 1926. 
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Effect of a Layer of Gas on the Eisiyitegration of the Cathode. 

Olipliaut^, who observed the disintegration produced by a 
stream of positive ions produced in one vessel, when it fell on an 
unelectrified plate in another, found that unless this plate was 
very carefully degassed, no disintegration was produced until the 
energy of the positive ions exceeded some 300-400 volts; with 
greater energies disintegration took place. With a carefully degassed 
plate there was, however, no critical voltage below which no dis¬ 
integration took place. This explains the difference between some 
of the older observations and the later ones; in the older ones the 
disintegration could be represented by the equation C (V ~ Vq), 
where Vq is a critical voltage below which there was no disintegra¬ 
tion. As the cathode in these experiments was not degassed, this 
is in agreement with Oliphaiit’s result. In the experiments illustrated 
in Fig. 190, where the metal was carefully degassed, the curves show 
no trace of any critical energy below which there is no disintegra¬ 
tion. As the critical energy found by Oliphant is about that for the 
normal fall of potential in many gases, it is also in agreement with 
Vegard’s^ result that there is no disintegration when the discharge 
is normal. 

It should be noted that unless the pressure is so low that tlie 
free x>ath, A, of the ion is not small compared with tlie distance 
between the electrodes, the energy of the ion when it strikes the 
cathode will not be Ve, but A>A, where X is the electric force. If, 
as in some experiments by Giintherschulze, the electrodes are largo 
parallel plates provided with guard rings, the electric force will b<‘ 
V/Cy where c is tlxe distance between the electrodes; hence the 
energy of the ions vvdien they strike the cathode will be VX/c. Now 
A is inversely proportional to the pressure /?, lienee the energy will 
be proportional to F/cp, and if the disintegration is proiiortional to 
the energy the loss of weight will be proportional to V/cp, and this 
is in accordance with the results of Giintlierschulze’s exiieriment.s. 

Again, in the glow discharge there is, as Brose’s experiments on 
the distribution of electric force in the cathode dark space have 
shown, a layer next the cathode in which the electric charge is 

1 Proc. Cunih. Phil. Soc. xxiv. p. 4.>1, 1928. 

2 Vegaril, Phil. M<uj. (0), xviii. p. 4().5, 1909. 
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negative; the positive ions might get neutralised in this layer before 
they reached the cathode, and since Oliphant^ has shown that the 
uncharged atoms do not disintegrate as much as positive ions, 
differences in this negative layer would affect the rate of disinte¬ 
gration. 


Fall in Pressure in the Gas due to the Discharge. 

Another phenomenon closely connected with the disintegration 
of the cathode is the lowering of the pressure of the gas produced 
by the passage of the discharge. This, like the disintegration of the 
cathode, was discovered by Pliicker in 1858 and like it also is a very 
complex phenomenon which may be produced in a variety of ways. 

If the discharge is passed through a newly made tube at a low 
pressure the first effect will probably be an increase in pressure, due 
to gas coming out of the electrodes and off the walls of the tube. 
After a time the increase in pressure will stop and the pressure begin 
to diminish; the diminution often, as in the case of X-ray tubes, goes 
so far that the discharge stops owing to the pressure being too low. 
On heating the tube to a high temperature, some gas will be given 
off, perhaps enough to allow the discharge to pass; the pressure falls 
rapidly, and if the heating*be repeated a stage is reached when the 
amount of gas which comes off on heating is not enough to carry 
the discharge and fresh gas must be put into the tube. 

Solids in contact with gas have always a layer of gas condensed 
on their surface, much of which comes off when the layer is heated. 
If, however, an electric discharge is passing through the gas in which 
the solid is immersed, the gas gets into a state in which it is only 
partially detached from the surface by heating, at any rate by any 
heating the glass of the discharge tube can stand. 

We must always remember that a gas through which an electric 
discharge is passing is not like other gases, it contains atoms as well 
as molecules—atoms, some of which are without charge, others 
positively charged—and in addition, as positive ray analysis shows, 
aggregates like Aj, ByC^/\iA, B, C are the atoms of the elements 
present in the tube, where a:, g, z may have any integral values and 
are not like ordinary chemical compounds determined by valency 

I Oliphant, Proc. Roy. Soc. cxxiv. p. 228, 1929. 
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conditions. Th.ese compounds are continually breaking up and re¬ 
forming. A gas in this state is more likely to form chemical com¬ 
binations or to adhere to a surface than the normal gas, and if it 
adhered to a surface the pressure of the gas would fall. 

AVillows^ found that under similar circumstances the rate of 
diminution of pressure depended on the kind of glass, that it was 
greater for soda glass than for lead and greater for lead than for 
Jena. There seems some evidence that the metal in the glass is 
responsible for most of the absorption. Hill^ has shown that ab¬ 
sorption occurs with the ring electrodeless discharge through air in 
glass bulbs, and that there is a dark deposit on the glass; on pumping 
out the air and replacing it by hydrogen the diminution in pressure 
was very rapid and the dark deposit got much lighter, suggesting 
the reduction of some metallic oxide. Willows, using a quartz bulb, 
found when it was new that there was no absorption when it was 
filled with air, but there was when it was filled with hydrogen: if the 
hydrogen was pumped out and air let in there was now absorption 
of the air, and by feeding the bulb with alternate charges of hydro¬ 
gen and oxygen large quantities of either gas could be absorbed. 

The fact that absorption can be produced by the ring electrode¬ 
less discharge shows that it can take place even in the absence of 
metal spluttered from the cathode. Besides the formation of surface 
layers there seems to be mechanical occlusion of the gas, especially 
if it is Hg, in the cathode. It is a common experience that glass 
which has been used as a discharge tube is very difficult to work. 

When the cathode is coated with an alkali metal, Mey3 has 
shown that all gases other than the inert gases combine readily with 
the cathode. This method is often used to free inert gases from other 
constituents. The combination of nitrogen with hot tungsten when 
a discharge is passing has been studied in great detail by^Langmuir. 

The most potent source of absorption seems to be the disintegra¬ 
tion of the cathode. Vegard4, using tubes that had not been freed 
from gas and where no disintegration took place unless the potential 

1 Willows, rhil. Marj. i. p. 503, 1901. 

2 Hill, Proc. Pkys. Soc. .xxv. p. 35, 1912. 

3 Mey, Ann. d. Pkys. xi. p. 127, 1903. 

4 Ve^^ard, Phil. May. (6), xviii. p. 405, 1909; Ann. d. Pkys. 1. p. 709, 1910. 
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exceeded a critical value, found that no absorption of gas occurred 
at a potential less than this value, and that after this value the dis¬ 
integration and absorption increased in much the same proportion. 
Brodetsky and Hodgson^ got the same result. This is what we should 
expect from von Hippel’s result that the disintegrated metal from 
the cathode is in the atomic condition. Both the metal and the gas 
are in the state in which they most readily enter into combination 
or union with each other, and we should expect that when the 
metallic atoms get to the side of the tube and form a film they will 
carry a good many atoms of the gas with them. 

A series of very interesting experiments on the absorption of 
gases in the discharge from hot tungsten cathodes has been made by 
the Research Staff of the General Electric Company of London^. 
They find that (except in hydrogen) there is no absorption of gas or 
disintegration of the electrode unless the potential difference ex¬ 
ceeds a critical value, depending on the gas and inversely propor¬ 
tional to the pressure. At tliis critical voltage a blue glow appears 
in the tube, the current rapidly increases and absorption of gas and 
disintegration of the cathode begin. 

Theoretical Considerations. 

It seems clear that the most important factor in the disintegra¬ 
tion of metals is the impact of positive ions on the cathode, and 
that the mathematical problem which has to be solved is the deter¬ 
mination of the average number of the atoms set in motion by the 
impact of a high-speed ion which would find their way to the 
surface when moving with sujfficient energy to make their escape 
from it; the energy of the ion impinging on the surface of the metal 
is very many times that required to tear an atom from the metal. 
The solution of this problem would doubtless be very complicated, 
but perhaps with simplifying assumptions not impossible. 

Von Hippel (loc, cit.) has attacked the problem from the point 
of view of thermodynamical equilibrium between a solid and its 
vapour. He supposes that by the impact of the ions small patches 
of the cathode are raised to such a high temperature that they 
volatilise, and for a short time their rate of volatilisation is that 

1 Brodetsky and Hodgson, Phil. Mag. xxxi. p. 478, 1916. 

2 Phil. Mag. xl. p. 585, 1920; xli. p. 685, 1921; xlii. p. 227, 1921. 
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given by thermodynamics for the connection between temperature 
and evaporation of solids. 

It would seem, however, that the conditions in the surface film 
of a metal bombarded by torrents of ions and getting its energy in 
this way are not comparable with the conditions at the evaporating 
surface of a boiling metal, and that the relation between the energy 
per unit volume in the surface film and the rate at which energy 
escapes is probably very different in the two cases. 

Consider what will happen when a rapidly moving ion strikes 
against the metal; it will give up a certain fraction of its energy to 
the first atom it strikes, but this atom, after the collision, will be 
moving away from the surface and will tend to bury itself rather 
than escape. Similar considerations apply, though to a less extent, to 
subsequent collisions made by the ion. No doubt after many colli¬ 
sions the direction of motion of the ion and of some of these atoms 
first struck by it will be reversed, and these may be able to escape 
from the metal after many collisions, but their energy will only be 
a fraction of that with which they started. 

Thus if we consider a film close to the surface of the metal it 
may possess a great density of energy but this will for the most part 
be due to atoms moving away from the surface of the metal; the 
atoms tending to escape, which are moving in the opposite direc¬ 
tion, will not have nearly as much energy. The distribution of 
velocity of the atoms in the surface layer is not Maxwellian; the 
outward stream of energy is not equal to the inward, and is much 
less than it would be for the same energy with a Maxwellian distri¬ 
bution. Thus the v’olatilisation will be much less than that from 
an ordinary metal surface with the same density of energy in the 
surface layer, which is the one given by the application of 
tliormodynamical principles. 



CHAPTER IX 


SPARK DISCHARGE 


discharge considered in the 
last chapter in its explosive character. It involves a sudden breaking 

down of the resistance of a gas. To take as simple a case of this as 
possible, let us suppose that we have two large metal plates paraUel 
to one another and near together, let the plates be placed in con- 
nec ion with a large battery of cells or some other means of pro¬ 
ducing a difference of potential between them; then if we start with 
a very small difference of potential between the plates the only 
current which will pass from one plate to the other will be the very 
small one due to the spontaneous ionisation of the gas between the 
plates; this current is not luminous and is proportional to the 
distance between the plates, and so by pushing the plates near 
oget er may be made as small as we please. On increasing the 
potential difference, however, a stage is reached when a current 
accompanied by luminosity passes between the plates, and when 
this, the sparking stage, is reached the potential difference between 
the plates falls to a relatively small value, even when the number of 
cells in the circuit connecting the two plates is increased. The 
potential difference between the plates just before the spark passes 
depends upon the distance between the plates, i.e. the length of 
the spark, and on the nature and pressure of the gas in which the 
plates are immersed; the investigation of the connection between 
these quantities has occupied the attention of many observers. 
Before we consider their results, it will be useful to consider some 
properties of the spark which have an important effect on the 
accuracy of such observations. 


We shall call the greatest potential difference, which can be 
applied to the electrodes for an indefinitely long time without 
causing the spark to pass, the ‘spark potential difference.’ It must 
not be supposed, however, that whenever a potential difference 
just greater than this is applied to the plates a spark always passes; 
it frequently happens that if the potential difference is only applied 
for a short time the air between the plates can sustain a much 
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greater difference of potential than the spark potential without a 
spark passing through it. Thus Faraday ^ long ago observed that 
it takes a greater potential difference to start the first spark than is 
required to keep up the sparks when once they have been started, 
and that the effect of one spark in facilitating the passage of its 
successors does not die away until the gas has rested for several 
minutes. If the gas is dried with extreme care it is possible to 
get it to stand, without a spark passing, a potential difference 
three or four times as large as that which is sufficient to produce 
a spark in less perfectly dried gas^. The dry gas seems, however, 
to be in an unstable state as far as its electrical properties are 
concerned, for when once a spark has been forced through it the 
potential difference between the plates falls to the value for a 
moist gas, and the gas is not again able to stand a greater potential 
difference until it has rested for several minutes. The tendency of 
the gas to get into this electrically unstable state is much dimin¬ 
ished by the presence of moisture, or of gases from flames, sparks, 
or arcs, by the illumination of the cathode by ultra-violet light, or 
by the exposure of the spark-gap to Rontgen or Becquerel rays, in 
short by any agent which introduces ions into the field. Warburg3 
has made very extensive researches on the effect produced by 
several of these agents on the jjassage of sparks; the method he 
used consisted in measuring the interval between the application of 
a potential difference greater than the spark potential and the 
passage of the spark; this interval, which may be several minutes 
when the potential only just exceeds the spark potential, diminishes 
as the potential difference increases, we shall call it the ‘lag' of the 
spark. The amount of the 'lag’ has an important effect on many 
phenomena connected with sparks; thus, for example, if it is great 
and an induction coil or some other machine furnishing a very 
rapidly changing potential be used to produce the spark, the 
terminals may support, for the short time during which the electric 
field lasts, a potential difference which would produce a spark if the 
lag were short; in a case like this an agent might make the spark 
pass by diminishing the time of lag, even though it ha<l no effect on 

1 Faraday, Experimental Researches, § 1417. 

2 J. J. Thom-son, Phil. Mag. (5), xxxvi. p. :U3, 1893. 

3 Warburg, SUz. Akad. d. \Vissen.-<ch., iSerlin, xii. p. 223, 1896; Wie^L Ann. lix 
p. 1, 1896; Ixii. p. 385, 1897. 
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the spark potential. A notable instance of this is the effect pro¬ 
duced by ultra-violet light on sparks passing between the terminals 
of an induction coil. Hertz ^ showed that the exposure of the spark- 
gap to such light facilitated the passage of the spark; E. Wiedemann 
and Ebert ^ showed that if the negative electrode is screened off 
from the light, leaving the spark-gap and positive electrode illu¬ 
minated, no effect is produced; we have seen (Vol. i. Chap, xi) 
that the illumination of a negatively electrified body leads to a dis¬ 
charge of negative ions, and that no ions are produced when the body 
is positively electrified. Swyngedauw3 found that if the positive 
electrode was large its illumination helped the spark: it is possible 
that with large electrodes sufficient light may be reflected from the 
positive to the negative electrode, or to some body in the neigh¬ 
bourhood of the positive electrode which is negatively electrified by 
induction, to cause the negatively electrified body to emit ions. 

Wiedemann and Ebert (loc. cit,) showed that the nature of the 
gas had considerable influence upon the amount of the effect pro¬ 
duced by ultra-violet light, the effect being especially large in 
carbonic acid gas (the currents due to photo-electric effects in this 
gas are much larger than in air). Warburg4 showed that the chief 
effect of the ultra-violet light was to diminish the ‘lag* and that the 
effect on the spark potential was comparatively small. This is 
clearly shown by the figures given in the following table, taken 
from Warburg’s paper: the potential difference was produced by a 
battery of storage cells, and a contact make and break was used by 
means of which the potential difference was applied to the air-gap 
for a short interval, in this case *0012 sec. The fractions in the table 
have for their numerators the number of times a spark passecl when 
the potential difference was applied for this time, and for their 
denominators the number of times the potential difference was 
applied; thus the fraction 1-^7 indicates that the spark never passed, 
and the fraction that it always did so. The gas used in these 
experiments was hydrogen at a pressure of 11 mm. of mercury, the 
spark potential was 960 volts in daylight, 1080 in the direct light 

1 Hertz, Wicfl. Ann. xxxi. p. 983, 1887. 

2 E. Wiedemann and Ebert, Wied. Ann. xxxiii. p. 241, 1888. 

3 SwyriKedauw, Happorls presenf^s au Cotujres International de Physiqite» Paris, 
iii. p. 164. 

4 Warburg, Sitz. Akatl. d. Wissensch.y Berlin, xii. p. 223, 1896. 
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from an arc lamp, and 1260 when this light had passed through 
glass. The electrodes were platinum spheres, 7 mm. in diameter, 
and the spark length was 4*5 cm. 


Potential difference 
in volts 

03 

1 

1440 

1500 

1920 

2040 

2940 

3000 

3960 

5040 

0009 

7020 

7920 

8940 

In the dark 

1 

1 

1 

i ; 

1 



i8j 


1 

la 

«> 

fTj 

-•L 

1 u 

I'O 


In daylight 

In the arc light 
through glass 


18 


18 

Vir 

\o 

1 

1 

1 

1 

i 

1 

1 

i 





In the arc light 

(1 

\<f 


CC 



1 



\ 


1 

1 



It will be seen from this table that while in the dark the spark 
does not always pass even when the potential difference is 9 times 
that required to produce a spark when the field is continuous, in 
the arc light a potential difference only a little greater than the 
minimum required to produce a spark always produces a spark; 
the table shows too that daylight produces a very perceptible 
diminution of the ‘lag.’ 

Warburg^ showed that the ‘lag’ in a very dry gas was much 
longer than in one containing a small quantity of water vapour; the 
difficulty of starting the electric discharge in very carefully dried gas 
has already been alluded to. Ritter found that chlorine and bromine 
showed a very large lag. We shall see, when we come to consider 
the theory of the spark discharge, that there is reason to believe that- 
the presence of a few ions derived from an outside source of ionisa¬ 
tion is essential to the starting of a spark. If this is the case, part 
at least of the lag may represent the time which it is necessary 
to wait until such ions are formed. On this view the lag is a 
probability phenomenon. Work by Zuber^ has confirmed this. He 
studied the lag in air with a spark-gap of about 5 mm. at a pressure 
of a few millimetres of mercmy, the potential being about 500 volts. 
The applied voltage exceeded the least sparking potential by 2 to 
6 volts, and the spark-gap was irradiated by a mesothorium prepara- 

1 Warburg, Wied. Ann. Ixii. p. 385, 1897. 

2 Zuber, Ann, d. Pkys. Ixxvi. p. 231, 1925. 
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tion. Lags of the order of 1 sec. were observed. Laue^ has shown that 
Zuber’s measurements are consistent with the idea of probability 
variation. If N observations are made under comparable conditions 
the number for which the lag exceeds t secs, is the number 

for which it lies between t and t + 8t secs, being aNe~<^KBC. Thus the 
number of sparks which pass in a given time interval t—{t + is 
proportional to the number for which the lag is greater than t, or 
the chance of a spark first passing in a given time interval is inde¬ 
pendent of the time t since the potential was applied. The quantity 
a increases with the excess potential and the nearness of the radio¬ 
active source. Zuber confirms Warburg’s result that the lag is 
greater in dry air. We shall see (p. 523) that in addition to this 
statistical lag, there is a lag which is independent of the external 
ionisation and represents the time which is needed to establish 
fully the mechanism of the spark. 

This regular lag is, however, of an altogether smaller order of 
magnitude, so that it could not be detected by experiments lik e 
those of Zuber. It is largest for point discharges, and the existence 
of two kinds of lag seems first to have been suggested by Campbell^ 
as a result of work on point spark-gaps. 

Street and Beams 3 find that, when the potential is applied for 
a very short time (of the order of 10~® sec.), a spark-gap in a gas 
which has been carefully dried and filtered, and from which ions 
are removed by an auxiliary electric field, will stand an enormous 
potential compared with one in air under ordinary conditions. They 
mention that in one case an ordinary spark-gap had to be 16 times 
as long as one in parallel with it in filtered gas, to make the spark 
pass through the latter. When ultra-violet light was directed on to 
the second spark-gap it behaved normally, and sparked at about 
the same gap as the other. 

The importance of the ‘lag’ in relation to the mechanism of the 
spark discharge seems first to have been realised by Jaumann4, 
who pointed out that while it lasted some process must be going on 
in the gas which converts it from an insulator to a conductor. 

1 Lauc, Ann, d. Pkys. Ixxvi. p. 261, 1925. 

2 Campbell, Phil. Mag, xxxviii. p. 214, 1919. 

3 Street and Beams, Phys, Rev. xxxviii, p. 416, 1931. 

4 Jaumann, Wied. Ayin. Iv. p. 656, 1894. 
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During this process no light can be detected even in the darkest 
room, and both Jaumann and Warburg failed to find by direct 
experiments with electroscopes any indication of a current passing 
through the gas at this stage. Warburg*, however, observed some 
effects at low pressures which seem to indicate that, during the lag, 
there is a current passing through the gas, although it is too small 
to be detected by an electroscope or to produce any luminosity. 
The evidence for this is based on the effect produced by a magnet 
on the discharge through a gas at low pressure; a discharge is 
hindered by the action of a transverse magnetic field owing to the 
deflection of the ions which carry the current; Warburg showed 
that the magnetic field not only hampered the luminous discharge, 
it also produced a great increase in the duration of the ‘lag’; he 
concluded from this that during the lag there is a feeble current 
which is essential for the production of the spark, and that the 
magnetic field by hampering this current prolongs the time which 
has to elapse before the spark can pass. Walter^, by taking photo¬ 
graphs of sparks on rapidly moving plates, has shown that a bright 
spark is preceded by faintly luminous brush discharges. We shall 
see, when we consider the theory of the spark discharge, that the 
formation of a preliminary current is necessary for the production 
of the spark unless the potential dift'erence is very great. 

Variation of the Spark Potential Difference with the Spark 

Length and Pressure of the Gas. 

The first measurements of the potential difference reqixired to 
produce a spark through air at atmospheric pressure were made 
by Lord Kelvin 3 in 1860, since then the subject has attracted 
much attention and important investigations have been made 
by Baille4^ LiebigS^ Paschen^, Peace7^ Orgler®, Strutt^, Bout 3 ^*°, 

1 Warburg, Wie/t. An». Ixii. p. ;i85. 1897. 

2 Walter, Wietl. Ati/i. Ixvi. p. G3G, Ixviii. p. 776. 1899. 

3 Lord Kelvin, Collected Papers on Electrostatics and Maynetism, p. 247. 

4 Bailie, Ann. de Chimie et de Physique (o), xxv. p. 486, 1882. 

5 Liebig, Phil. May. (5), xxiv. p. 106, 1887. 

6 Paschen, Wied. Ann. xxxvii. p. 69, 1889. 

7 Peace, Proc. Hoy. Soc. Hi. p. 99, 1892. 

8 Orgler, Drudes -4a«. i. p. 159, 1900. 

9 Strutt, Phil. Trans, cxciii. p. 377, 1900. 

lo Bouty, Comptcji Rendus, cxxxi. pp. 469, 503, 1900. 
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Earhart^ Carr Russells, Hobbs4and KinsleyS, and many recent 
writers, especially in engineering journals. For a bibliography see 
International Critical Tables, vi. p. 80. The values of the spark 
potential difference given by the earlier experimenters are as a rule 
somewhat larger than those found imder similar circumstances by 
more recent observers, probably because latterly more attention 
has been paid to eliminating the effects due to ‘lag’; whenever ‘lag’ 
is present the potential difference when the spark passes is higher 
than the minimum required to produce a spark. In most recent 
work an external source of ionisation was used. At the end of the 
chapter is a table extracted from the International Critical Tables 
which embodies the numerical results obtained. 

Let us first take the case where the electrodes are so large com- 
jiared with the distance between them and placed in such a position 
that the lines of electric force are parallel to each other; this con¬ 
dition would be fulfilled if the electrodes were parallel planes placed 
at a distance from each other not greater than a small fraction of 
their diameter; it is approximately fulfilled in the arrangement 
most frequently used where the electrodes are portions of spheres 
of large radius placed close together. 

In the first place the potential difference required to produce a 
spark of given length in air at atmospheric pressure does not depend 
upon the metal of which the electrodes are made (it is possible that 
aluminium and magnesium electrodes may be exceptions to this 
rule). Experiments on this point have been made by Righi^, Peace, 
and Carr. Righi tried electrodes of carbon, bismuth, tin, lead, zinc, 
and copper and got the same potential difference with all these 
substances. Peace (loc. cit.). who made very careful experiments 
with electrodes of zinc and brass, could not detect the slightest 
difference in the 2 >otential difference required to spark across them. 
Carr found the sj^ark potential to be the same with electrodes of 
brass, iron, zinc, and aluminium. On the other hand, De la Rue and 
Hugo Muller 7 came to the conclusion that sparks pass more easily 

1 Earhart, Phil. Mag. ((i), i. p. 1-47, 1901. 

2 Carr, Proc. Poy. Soc. l.xxi. p. 374, 1903; Phil. Trans, oci. p. 403, 1903. 

3 Russell, Phil. May. (G), xi. p. 237, 1906. 

4 Hobbs, Phil. Mag. (6), x. p, 617, 1905. 

5 Kinslej', Phil. Mag. (6), ix. 692, 1905. 

6 Rigbi, yuovo Cimento (2), xvi. p. 97, 1876. 

7 De la Rue and Miiller, Phil. Trans, clxix. p. 93, 1878. 
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between aluminium' electrodes than between electrodes of any 
other metal, but that with this exception the nature of the electrodes 
has no influence upon the spark length. It is worthy of remark that 
the cathode fall of potential which is very closely connected with 
the spark potential does not difier by more than a few volts for 
electrodes of all the metals used by Righi; for aluminium and 
magnesium electrodes, however, it is decidedly smaller. 

Except for short sparks the relation between V the potential 
difference and d the spark length is approximately of the form 

7 = a + 

where a and 6 are constants. Chrystal^ has shown that the simple 
relation 

V = 4-997 + 99*593 d, 

where V is measured in electrostatic units and d in centimetres, 
agrees with Bailie’s very numerous experiments on the spark poten¬ 
tial in air at atmospheric pressure quite as well if the spark length 
exceeds 2 mm. as the more complicated formula 


72 = 10500 (d -h -08) d 

proposed by Bailie himself. Carey Foster and Pryson^ also found 
that the linear relation V = a -h i>d was the one wliich best re¬ 
presented the results of their experiments on the potential difference 
required to spark through gas at atmospheric pressure. 

For the constant a in the formula 7 = ax + 6 where 7 is in 
kilovolts. Bailie finds 29*9, Paschen 27*75 and Orgler’s results give 
28*1. The work of Spath4 suggests that the formula is not exact, 
and that the quotient V/x = E does not reach a limiting value as 
X increases. Some of his values are given in the following table; 


Spark-gap (cm.) 

1 

•05 1 *5 1 5 10 

1 

V (kilovolt-s) 

! 

2-74 4-65 16-8 31-5 140 206 

54-7 46-5 33-0 31-5 28 20 (> ! 

4 


The electrodes were irradiated in Spath’s experiments. 


1 -More recent work shows that the tliflerence, if any, is very small. 

2 Chrystal, Proc. Roy. Soc. Edin. xi. p. 487, 1882. 

3 Carey Foster and Pryson, Chemical News, .xlix. p. 114, 1884. 

4 8path, .4rcA./. Elektrotcchnih, xii. p. 331, 1923; quoted by Warburg, llandh. 
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These results do not, however, give any indication of the relation 
between the spark potential and the spark length when the latter 
is exceedingly small. When the spark length falls below a certain 
value which is inversely proportional to the pressure, and which 
we shall call the 'critical spark length,’ the potential difference has 
a minimum value, and if the spark length is still further diminished 
the spark potential begins to increase and goes on increasing until 
the spark length gets down to about 10-^ cm., when it very rapidly 
diminishes. The increase of the spark potential due to a diminution 
in the spark length was first observed by Peace; as the critical 
spark length at atmospheric pressure is exceedingly small, only 
about *01 mm., it is difficult to experiment with sparks short 
enough to show the effect; as, however, the critical spark length 
varies inversely as the pressure, we can by diminishing the pressure 
increase the critical spark length until its observation becomes 
comparatively easy. Perhaps the simplest way of showing the 
effect is to use slightly curved electrodes and to observe the position 
of the spark as these are brought closer together. When the elec¬ 
trodes are at some distance apart the spark passes along the shortest 
line between them; as the electrodes are pushed together it mil be 
found that a stage is reached when the spark no longer passes along 
the shortest line, but goes to one side, taking a longer path, showing 
that it is easier to produce a long 
spark than a short one. With this 
arrangement the potential differ¬ 
ence required to produce the spark 
does not vary as the electrodes 
are moved nearer together, it re¬ 
mains constant and equal to the 
minimum potential difference re¬ 
quired to produce a spark; the 
spark length too is constant and 

equal to the critical spark length; the position of the spark is 
determined by the condition that it passes at the place where the 
distance between the electrodes is equal to the critical spark length. 

In order to measure the increase of potential difference due to the 
diminution in spark length it is necessary to use perfectly flat and 
parallel electrodes; when these are pushed together the length of 
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the spark is necessarily diminished. The electrodes used by Carr 
(loc. cit.) are represented in Fig. 193; they were plane brass plates 
embedded in ebonite and separated by ebonite rings of different 
thicknesses. With this apparatus Carr obtained the results given 
in the following tables: 


Pressure 2*02 mm.: gas — air. 


Spark length 

Spark potential in volts 

1 mm. 

558 

2 mm. 

371 

3 mm. 

357 

5 mm. 

376 

10 mm. 

472 


Pressure 1*05 mm.: gas — air. 


Spark length 

Spark potential in volts 

1 

1 mm. 

1826 

2 mm. 

594 

3 mm. 

397 

5 mm. 

355 

10 mm. 

379 


The effect is even more strongly marked in hydrogen, as the 
following table shows. 

Pressure 2-6 mm.: gas — hydrogen. 


Spark length 

Spark potential in volts 

1 mm. 

1781 

2 mm. 

462 

3 mm. 

398 

5 mm. 

285 

10 mm. 

317 


In each of these cases the spark potential for the shortest spark 
is greater than for the longest. When the spark length falls below 
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about 5 X 10“^ cm. the spark potential, as Earhart has shown, faUs 
off rapidly; we shall return to this point later on. The existence of 
a critical spark length is also proved by the remarkable changes 
which take place in the appearance of the discharge when the 
electrodes are brought very near together. Thus in some experi¬ 
ments ^ on the discharge between large parallel plates the discharge 
went from the under side of the lower plate, which was the positive 
electrode, and round to the top of the upper plate; the space between 
the plates was quite free from any luminous discharge: showing the 
discharge went more easily round the longer path than by the much 
shorter one between the plates. A very famous experiment due to 
Hittorf represented in Fig, 194, is another illustration of this. The 



two electrodes were only 1 mm. apart, the regions around them 
were connected together by a long spiral tube 375 cm. long; in spite 
of the enormous difference between the lengths of the paths all 
the discharge, when the pressure was very low, went round through 
the spiral, the space between the electrodes remaining quite dark. 


Variation of the Spark 


Potential with the Pressure, 


If the spark length is constant and not too small then, starting 
with air at atmospheric pressure, as the pressure is diminished the 
spark potential decreases, the relation between the potential and 
pressure being at first a linear one; on further diminution of the 
pressure the spark potential reaches a minimum value, after this 
any further diminution in the pressure is accompanied by an 

1 J. J. Thomson, Proc. Camb. Phil. Soc. v. p. 395, 1886. 

2 Hittorf, Wied. Ann. xxi. p. 96, 1884. 
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increase in the spark potential. The relation between the spark 
potential and the pressure is represented by the curve in Fig. 195, 



Fig. 195. Air. 



Fig. 196. Air. 


taken from a paper by Carr (loc. cii.); in this curve the ordinates 
represent the spark potential, the abscissae, the pressure; the 
electrodes were parallel planes and the spark length 3 mm. The 

TC E II 


31 
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pressure at which the spark potential is a minimum is called the 
‘critical pressure.’ Peace {loc. cit.) showed that the critical pressure 
depended upon the spark length, the shorter the spark length the 



Fig. 197. Hydrogen. 



Fis. 198. Carbonic Dioxide, 


greater the critical pressure. He showed too that the minimum 
spark potential was constant, being independent of the spark 
length; in air it was equal to about 351 volts, so that unless the 
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spark length is less than about 5 x 10“^ cna., a potential difference 
of less than 351 volts cannot produce a spark. 

These points are well illustrated by the curves in Fig. 196, taken 
from Carr s paper; they represent the relation between the pres¬ 
sure and the spark potential, for spark lengths of 1, 2, 3, 5, and 

10 mm. The critical pressures for these spark lengths as given by 
Carr are as follows: 


Spark length 


1 mm. 

2 mm. 

3 ram. 
5 mm. 

10 mm. 


Critical pressure 


4*98 mm. 
2-71 mm. 
1*89 mm. 
1*34 mm. 
•679 mm 


Product of spark length 
and critical pressure 


4- 98 

5- 42 

6- 67 
6-7 
6*79 


It Will be seen that the product of the critical pressure and the 
spark length is approximately constant: we must remember that, 
owing to the flatness of the curves in the neighbourhood of the 
critical pressure, the exact determination of the critical pressure is 
a matter of some difficulty, especially with the shorter sparks: 
the differences in the product of the critical pressure and the spark 
length are not greater than could be accounted for by the errors in 
the determination of the critical pressure. 

The same features are shown by sparks through hydrogen and 
carbonic acid; the curves for these as given by Carr are shown in 
Figs. 197 and 198, and the connection between the critical pressure 
and the spark length shown in the foUowing tables: 


Hydrogen. Minimum Potential 280 volts. 


Spark length 

Critical pressure 

! 

Product of spark length. , 

1 and critical pressure 

% » 

1 mm. 

2 mm. 

3 mm. 

5 mm. 

10 mm. 

10*3 mm. 

5*93 mm. 

4-02 mm. 

2*8 mm. 

1*46 mm. 

— 

' 10*3 

11*8 

12-06 

14*0 

14 6 


31-3 
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Carbonic Acid, Minimum Potential 420 voUs. 



The constancy of the product of spark length and critical 
pressure in the case of carbonic acid is very marked. 

Carr has also given curves for the connection between spark 
length and pressure for HgS, SOg, COg, C 2 H 2 , Og, these are 

shown in Fig. 199. 



Fig. 199. 

The spark length for these gases was 3 mm. 

Very careful experiments on the relation between the pressure 
and the spark potential were made by Lord E-ayleigh^ for air, hydro¬ 
gen, nitrogen, and helium; the experiments on nitrogen and heliiun 
are especially interesting, as the minimum spark potential in these 

I Hon. R. J. Strutt, Phil. Trans, cxciii. p. 377, 1900. 
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gases was found by him to be greatly affected by minute traces 
of impurity. Thus the presence of a very minute quantity of 
oxygen in nitrogen increased the minimum spark potential from 
251 volts to 388 volts. Nitrogen from which the oxygen had 
been removed by passing the gas over metallic copper gave a 
minimum spark potential of 388 volts, the value of this potential 
for a specimen of nitrogen prepared from air by the absorption of 
the oxygen by alkaline pyrogallol was 347 volts; when, however, 
the oxygen was more completely removed by bubbling the gas 
repeatedly through the liquid alloy of sodium and potassium the 
minimum spark potential fell to 251. The curves obtained by 
Strutt for nitrogen are shown in Fig. 200. Curve No. 2 refers to 
the purest specimen, curve No. 1 to a specimen which had been 
passed several times through the sodium and potassium alloy, but 



Fig. 200. Nitrogen. 

not so often as that to which curve No. 2 relates; the minimum 
spark potential for this specimen was 276 volts. The curves after 
passing the critical pressure are parallel. 

The discharge through helium, which was also studied by Strutt, 
presents many interesting features. Ramsay and Collie^ first drew 
attention to the ease with which the discharge j^assed through 
helium. Strutt s experiments show that for a given length of spai'k 
the critical pre.ssure is exceedingly high, being about five times that 
of air for the same spark length, and more than twice that of 

I Ramsay and Collie, Proc. Poy. Soc. lix. p. 257, 189G. 
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hydrogen. The minimum sparking potential for helium is very 

sensitive to small amoimts of impurities, it is lower the purer the 
gas. 

For the commoner gases and for most lands of electrodes the 
minimum sparking potential is independent of the conditions and 
is a property of the gas. Holst and Oosterhuis ^ have shown that 
this is not so for neon for which the Tninimum sparking potential 
for electrodes of carbon is three times that for those of caesium. 
According to Carr’s measurements the product q of the critical 
pressure and the spark length is also constant. The following table 
shows these quantities for a number of gases. 

The determinations of q are not very accurate, for the minimum 
is flat and it is diflicult to fix exactly the pressure at which it occurs. 
The fourth column shows the values of the mean free path of a 
molecule in the gas as found from the kinetic theory. It will be 
seen that Xjq is nearly constant for many gases. A better comparison 
would be the free path of an electron, but this is not known in all 
cases. The abnormal values for helium are perhaps to be attributed 
to the ratio of the free paths of an electron and atom being ab¬ 
normal in this gas, but it must also be remembered that ions of 
hebum and neon are very effective in releasing electrons from a 
metal surface, and as we shall see the release of electrons from the 
cathode is an important element in the mechanism of the spark. 
The low value of Xjq for HgS may be caused by dissociation of 
the gas. 

The minimum sparking potential is not very different from the 
normal cathode fall of potential, but the measurements of the latter 
quantity are so variable that it is difficult to say if the two potentials 
are identical. The cathode fall depends greatly on the freedom or 
otherwise of the cathode from gas, and it is diflicult to make 
measurements of the two potentials under comparable conditions, 

Pascheris Law. 

As the result of a series of very numerous experiments on the 
relation between spark potential and pressure, Paschen^ came to 
the conclusion that the spark potential depended only upon the 

1 Holst and Oosterhuis, Phil, Mag. xlvi. p. 1117, 1923. 

2 Paschen, Wied. Ann. xxxvii. p. C9, 1889. 
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Spark Constants in various Gases. 


Gas 

Minimum 
spark poten¬ 
tial in volts 

q in mm» 
spark 
length 
and mm. 
pressure 

Ax 10® 
cm« 

10® xA/ff 

Author 

Air 

341 

5-62 

•96 

•17 

Strutt* * * § 


327 

5-67 



Meyerf 

Hydrogen 

302-308 

14-4 

1-8 

-12 

Strutt 


278 

12*6 


•14 

Carr 


273 

11-5 


-16 

Townsend 





1 

1 

and Hurst 

Oxygen 

439-455 

1 

7-2-^*8 

1-05 

— 

Carr 

1 

Nitrogen 

251 

6-7 

■45 

•14 

Strutt 

• 

298 

7-5 


•13 

Hurst 

Helium 

1 

261 

27 

! 2-9 

-11 

Strutt 


156 

39-40 

1 

•074 

G-ill and 




1 

i 1 


PidduckJ 

Argon 

233§ 

7-56 

1-01 

-13 

Gill and 


137 

9 


•11 

Pidduck 

t 





Stocklell 

Carbon dioxide 

420 

5-1 

-63 

•12 


Sulphur dioxide 

457 

3-3 

•47 

•14 


Nitrous oxide 

418 

5-0 

•68 

•14 


Sulphuretted 

414 

6-0 

-63 

-10 

Carr 

hydrogen 






Acetylene 

468 



1 

1 

1 



* Strutt, Phil. Trans, cxciii. p. 377, 1900. 

t Meyer, Ann. d. Phys. Iviii. p. 321, 1919. 

X Gill and Pidduck, Phil. Mag. xvi. p. 280, 1908; xxiU, p. 837, 1912. 

§ Holst and Koopmans find a value of the sparking potential of pure argon about 
one-tenth of that of nitrogen. An impurity of 10 per cent, of nitrogen multiplies the 
value by four. 

II Stockle, Phys. Rev. xix. p. 258, 1922. 
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product of the pressure and the spark length, i,e. upon the mass 
of gas between unit area of the electrodes. Thus, if the spark 
length d and pressure p of the gas are both altered, but in such a 
way that their product does not change, the spark potential V 
will remain constant; or in other words F is a function of pd. 

The relation between the spark potential and the product pd 
is shown in the curves for air, hydrogen, and carbonic acid in 



Fig. 201, the ordinates are the spark potentials in electrostatic 
measure, the abscissae the values of pd. The electrodes were spheres 
1 cm. in radius, d is in mm. and p in mm. of mercury. 

Paschen’s experiments were all made at pressures considerably 
greater than the critical pressure; it has, however, been shown by 
Carr (loc. cit.) that Paschen’s law holds at all pressures. This is very 
clearly shown by the curves in Figs. 202, 203, which represent the 
relation between the spark potential F (in this case measured in 
volts) and the product pt? (p was measured in millimetres of mercury 
and d in millimetres); five different values of d were used, ranging 
from 1 to 10 mm.; the results of these are represented on the curve 
by symbols attached to the points on the curve determined by the 
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various experiments. It will be seen that the points for all the 
spark lengths lie on the same curve, and in this case the range of 



Fig. 202. Air. 



Fig. 203- Carbon Dioxide. 

pressures extended far below the critical pressure. The results of 
Paschen’s law are very important; we see that to find the spark 
potential corresponding to any spark length and any pressure it is 
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only necessary to possess the results of experiments made with a 
constant spark length over the whole range of pressures. We see, 
too, that it follows from this law that the critical pressure must 
vary inversely as the spark length, a result for which, as we have 
seen, there is direct experimental evidence. 

Since the free path of a particle in a gas at ordinary pressure 
and constant temperature is inversely as the pressure of the gas, 
Paschen's law implies that the sparking potential depends only on 
the number of free paths between the plates. We have seen that 
the value of q is roughly proportional to A, the free path of a molecule 
in the gas. The free path of a fast moving particle is 4\/2A, but the 
free path of an electron is a quantity which has difEerent values 
depending on the effect to be considered. In the case of the spark 
discharge we are concerned mainly with the average distance which 
the electron goes between two successive ionising collisions. The 
reciprocal of this quantity gives the number of pairs of ions pro¬ 
duced by an electron in 1 cm. path. For electrons whose motion is 
controlled by the gas, so that their speed depends on X, the field 
strength, it will depend on the energy acquired between successive 
collisions. Denoting it by a, on Townsend’s notation (Vol. i. p. 472) 

If for a given voltage the pressure and distance are 
changed in inverse ratio Xjp remains constant, ol cc p and the 
number of ions produced by an electron moving from one plate to 
the other, or any constant fraction of this distance, remains constant. 

Pascheii's Law at High Pressures. 

A good deal of work has been done on the sparking potential at 
pressures greater than atmospheric, partly with a view to investi¬ 
gating the truth of Paschen’s law under these conditions. All 
experimenters seem to agree that Paschen’s law holds good up to 
about 10 atmospheres. Above this Hayashi* found a considerable 
divergence, he considers chemical changes play an important part 
at these pressures. He worked with air, Og, Ng, COg, and illu¬ 
minating gas. Guye and Stanescu^, and Guye and Mercier3 working 

1 Hayashi, Ann. d. Phys. xlv. p. 431, 1914. 

2 Guye and Stanescu, Arch, des Sci. Ixiii. p. 131; Comptes Pendus, clxiv. p. 602, 
1917. 

3 Guye and Mercier, Arch, des Sci. ii. p. 30, 1920. 
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with CO 2 and air found that up to 45 atmospheres the deviations 
from the law were only 2 or 3 per cent. In some cases at these 
pressures, where Boyle’s law ceases to hold, the law was more 
accurate in the form V = F (pd), where p is the density of the gas, 
than in the form V = F (pd). The degree of agreement depends 
appreciably on the shape of the electrodes. Hammershaimb and 



of these experiments the dimensions of the electrodes were not very 
large compared with the distance between them, so that Paschen’s 
law could only be expected to be approximately satisfied. Guye^ 
points out that the specific inductive capacity of the gas should be 
taken into account as modifying the forces on the ions, this leads 
to a form of the law which is somewhat nearer the results of ex¬ 
periment, but the correction is not a large one. 

There is more divergence of opinion as to how far the linear 
variation of the potential with the pressure, which holds for long 
spark-gaps at the lower pressures, can be extrapolated. Most 
observers find that the potential at high pressures increases less 
rapidly than w^ould be expected from this law, but the extent of the 
divergence found varies considerably. Hayashi found a considerable 
curvature, the curve becoming almost parabolic, but the more 
recent experiments of Guye and Mercier^ on CO 2 make it almost 
linear up to 20 atmospheres. Hemptinne4 using the discharge from 
a fine wire found a linear variation up to 80 atmospheres with N 2 , 
O 2 , H 2 , air and CO 2 , while CerutiS working with air up to 65 
atmospheres and spherical electrodes found that the potential in¬ 
creased more rapidly with the pressure than on a linear law. The 
question must still be considered an open one. 


Temperat ure Va riation . 

At constant pressure the sparking potential diminishes with 
rise of temperature, but this is due to the diminution in density. If 

1 Hammershaimb and Mercier, Arch, de-s Set. iii. p. 356, 1921. 

2 Guye, Coinptes Rendxis, clxxiv. p. 445, 1922. 

3 Guye and Mercier, Arch, des Sci. iv. p. 27, 1922. 

4 Hemptinne, Bull, de Sci. de VAciul. BcUjique, viii. p. 603, 1902. 

5 Ceruti, Rend. lat. Lomb. xlii. p. 476, 1909. 
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the density is kept constant the sparking potential is independent 
of the temperature up to 800° C.' 


Potential Difference required to produce very Short Sparks, 

Earhart^ made a series of experiments on the difference of 
potential required to produce sparks whose length is comparable 
with the wave-length of sodium light; the electrodes used were 



Fig. 204. 


steel spheres, and the connection between the spark potential and 
the distance between the spheres is shown in Fig. 204, in which the 
abscissae are the spark potential and the ordinates the shortest 

1 Bowker, Phys. Soc. Proc. xliii. p. 96, 1931. 

2 Earbart, Phil. Mag, (6), i. p. 147, 1901. 
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distance between the spheres. In consequence of the curvature of 
the electrodes, the least distance between the spheres is not neces¬ 
sarily equal to the spark length; thus when the distance is less than 
the critical spark length the spark will pass, not across the shortest 
distance, but across a place where the distance is equal to the critical 
spark length. Thus Earhart’s curves do not show the increase in 
potential difference with diminishing distance between the elec¬ 
trodes as they would have done if they had been plane: the most 
interesting feature of the curves is the very rapid diminution in the 
spark potential when the distance between the electrodes falls to 
less than about 3 x 10^ cm.; when the distance is less than this 
the spark potential falls off rapidly with the distance, and seems 
from Earhart’s results to become directly proportional to the 
distance. The smallest potential difference actually measured was 
32 volts when the distance between the electrodes was 3 x 10“^ cm.: 
this is only about one-tenth of the minimum spark potential. 
Earhart made some observations on the effect of pressure; dimi¬ 
nution of the pressure from three atmospheres to one atmosphere 
did not seem to affect the discharge potential when the electrodes 
were very close together; when the pressure was diminished below 
one atmosphere, however, the discharge potential also diminished. 
An inspection of the curves suggests that the character of the 
discharge changes when the electrodes are brought within a certain 
distance of each other, or what is equally consistent with the 
curves, when the average electric intensity, F, between the plates 
reaches a certain value (about a million volts per cm.): when F 
has once reached this value Earhart’s experiments suggest that 
the discharge is determined by the condition that F, i.e. V/d, 
if F is the potential difference and d the distance between the 
electrodes, should have this value. 

The following considerations seem to afford a possible explana¬ 
tion of the behaviour of the discharge when the electrodes are 
very close together. We have had occasion before to make use 
of the hypothesis that in a metal, even at ordinary temperature, 
free electrons are moving about in every direction; if these electrons 
could escape from the metal under ordinary conditions the metal 
would be unable to retain a charge of negative electricity. Now one 
of the reasons the electrons do not escape is that as soon as they 
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leave the metal there is an electrostatic attraction between the 
electron and the metal equal to where e is the charge on the 

electron and r the distance of the electron from the surface of the 
metal; this attraction, unless the kinetic energy with which the 
electron leaves the metal exceeds a certain very high limit, will drag 
the electron back into the metal. Let us now suppose that an external 
electric force F acts on the electron, tending to make it move away 
from the metal; then if Fe is comparable with e74r2, the external 
field will give appreciable assistance to the electron in escaping 
from the metal, and will enable electrons whose kinetic energy is 
too small to allow them to escape in the absence of an external field, 
to leave the metal. 


Some interesting experiments on the potential difference re¬ 
quired to produce very short sparks have been made at Chicago 
University by Kinsley and Hobbs. Kinsley*, who worked with 
exceedingly short sparks, the spark length in some cases being as 
small as 3 X 10~'^ cm., and the sparking potential only one volt, 
found that while each set of experiments gave a linear relation 
between the spark potential and the spark length, the slope of the 
line graphically representing this relation varied with the treatment 
the electrodes had received, i.e. with the way they had been cleaned 
and polished. Kinsley calls attention to a characteristic peculiarity 
of these short sparks; when once a spark has passed, the insulation 
between the electrodes is destroyed, the surfaces cohere and a 
metallic bridge seems to be formed between them and they have to 
be separated by a distance much greater than the original spark 
length before the coherence is destroyed. 


Hobbs who worked with sparks considerably longer than 
those used by Kinsley, and who did not meet with the same 
variations as long as the electrodes remained imchanged, observed 
the exceedingly important and suggestive fact that when once the 
spark length is reduced to the point at which sparks begin to pass 
with diminished potential, the relation between the spark length 
and the potential difference is independent of the pressure and 
nature of the gas, while it does depend upon the nature of the 


1 Kinsley, Phil, Mag, (6), ix. p. 692, 1905. 

2 Hobbs, Phil, Mag, (6), x, p. 617, 1905. 
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metal of which the electrodes are made. Fig. 205 gives the relation 
between the potential difference and the spark length for different 
electrodes. The constant value before the dip is due to one of the 
electrodes being spherical and the other plane, thus by choosing 
different paths the spark can vary its length within wide limits, it 
chooses the path for which the potential difference is least; thus, 
unless the sparks are very short, the potential difference will be the 
minimum potential difference discussed above, and the increase of 



potential observed with sparks between parallel flat electrodes, 
when the spark length is diminished, will not occur. We see from 
these results that the passage of the spark in the second stage is 
determined by the condition that the electric force between the 
plates should have a constant value depending on the metal of 
which the plates are made but not upon the pressure or nature of 
the gas between them. 

Hoffmann^ as a result of very careful experiments, during which 
care was taken to insure that the measured distance did actually 
represent that of the electrodes, has confirmed the existence of the 
effect, which had been disputed by some workers. The discharge 
did not start quite abruptly, but taking the potential which gave a 

I Hoffmann, Zeit^^f, Phys. iv. p. 363, 1921. 
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fixed current, he found that this was proportional to the distance 
apart of the plates. He found the following values; 


Platinum-Ii’idium 
Copper I 

» II 
» III 

Aluminium 

Zinc 

Lead 


4-8 X 10® volt/cm, 

3-8 

3-55 


3-48 

3*4 

2-7 


2-2 


give an 

idea of the constancy for different specimens. The voltages used 
were usually of the order of 100, but he obtained results down to a 
few volts by sufficiently decreasing the distance. When one elec¬ 
trode was of zinc and the other of platinum the discharge was 
considerably greater when the zinc was negative than when it was 
positive. Rother^ has obtained similar results. 

The idea of an image force breaks down when the distance of 
the electron from the surface is of the order of the diameter of the 
atoms of which the surface is formed. If we take r = 2 x 10"® as 
a rough value, F must be comparable with 

e/4r^ = 3 X 10® E.s.u. = 9 x 10^ volts per cm. 


All were clean and highly polished. The figures for copper 


This is nearly 100 times the field found by Earhart, but Schottky 
has pointed out that the local field at portions of the surface may 
be many times the apparent field. Indeed the field at a mathe¬ 
matical point or edge is infinite, and it is probable that the irregu¬ 
larities at most solid surfaces will multiply the field at special 
places by a factor of 10 or 20 so that the local F is comparable with 
e/4r^. If this explanation is correct the discharge across these very 
small distances is entirely carried by the electrons and no part of it 
by positive ions; in the discharge we have previously considered, 
electrons and positive ions both share in carrying the current. The 
effect is a capricious one, as might be expected on the explanation 
given above, for much will depend on the presence or absence of a 


few sharp j>oints. 

In accordance with Paschen’s law, the larger the gap the lower 
must be the pressure to make the effect of the gas negligible and so 
get the pure electron emission. 


I Rotlier, Phya. Zeits, xxiii. p. 423, 1922. 
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In the more recent work on the subject, advantage has been 
taken of modern high vacuum technique to work with comparatively 
large distances between the electrodes. This obviates any possible 
imcertainties due to the approach of the electrodes as a result of 
electrostatic attractions, or to bridging of the gap by dust particles. 

Since the effect depends on the field, the potentials must be 
raised as the gap increases. With pointed cathodes and a few 
millimetres distance from the anode, Lilienfeld * has got discharges 
of several milliamps. with 30,000 volts. IMillikan and others find 
that the force required to produce a discharge varies greatly with 
previous heat treatment. Thus it could be raised from about 
10^ volts/cm, to C X 10® by heating the tungsten cathode to 2700^ 
absolute. This heating presumably diminishes the surface irregu¬ 
larities which cause big local fields. A series of experiments on this 
‘auto-electronic’ effect has been made by Gossling^ using tungsten 
cathodes in the form of fine wires, brushes and points. The dis¬ 
charges were often violent enough to melt a nickel, and even a 
tungsten anode. They came from isolated points of the wires, and 
one wire cut off square gave as much current as a bush of 50 wires 
of the same size. The heating of the anode also occurred in spots, 
showing that the electrons left the cathode in narrow x^^'iicils. 
Increase of voltage gave a very rax)id increase of current, but the 
effect of running the discharge was in general to increase the 
potential required for a given current. Exce|)tions to this rule 
occurred in cases in which it was jjossible for sodium to be de- 
jjosited on the cathode, as when the anode was coated with sodium 
phosphate which was j:)robal)ly redeposited on the cathode as xjositive 
ions. The temfjerature of the cathode had little effect as a rule, 
but in some cases temperatures of over 1000'^ C. xii’oduced a pro- 
Ijortional increase in all the auto-electronic currents, the effect 
being reversible. It is possible that this is connected with a re¬ 
distribution of .sodium atoms on the surface. 

^lillikan and Eyring3 find that good reijroduciljle curves con¬ 
necting current and field can be obtained from wires which have 
been ‘ coiulitioned ’ by taking a current from them greater than that 

1 Lilienfeld, Phijs. xxiii. p. 50U, 11)22; ZeiU.f. Phiji. xv. p. IG, 1G2;L 

2 Gosslinjr, Phil. Marj. i. p. 009, 1920. 

3 Millikan an<l Eyring, Phys. liev. xxvii. p. 51, 1920. 


r c li II 
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used in the measurements. The higher the 'conditioning’ current 
the greater the field afterwards required to give a definite current. 
They consider that the conditioning effect is probably due to 
bombardment by positive ions from the small quantities of gas 
inevitably present, this may wear down some of the sharp points. 
Spasmodic spurts of current sometimes occur while the wire is being 
conditioned. They found in agreement with other workers that 
severe heating increases the field required for emission. Some of this 
effect disappeared on standing. Millikan and Lauritsen ^ found that 
the logarithm of the current plotted against IfF gave good straight 
lines (see Fig. 206). This applies also to Gossling’s measurements. 



Theory of the ^Auto-electronic' Effect. 

A wave-mechanical theory of the 'auto-electronic’ effect has 
been given by Fowler and Nordheiin^. The electrons in the metal 

1 Millikan and Lauritsen, Nat. Sci. Acad. Proc. xiv. p. 45, 1928. 

2 Fowler and Nordheim, Proc. Poy. Soc. cxix. p. 173, 1928; also Stern, Gossling 
and Fowler, Proc. Poij. Soc. exxiv. p. G99, 1929. 
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are regarded as a train of waves beating upon the potential barrier 
formed by the sxirface. The external field modifies the shape of 
this barrier and so alters the intensity of the wave which is trans¬ 
mitted through it. This transmitted wave corresponds to a current 
density ^ 


/ = 


e 
''2mh 


(.X + M) X- 




where = STr-m/Zt^, \ is the thermionic work function of the metal 
and fx is the parameter of the metal on Sommerfeld’s theory (see 
p. 213). According to this expression log IjF^ should give a straight 
line against IjF. As in the corresponding expression for the therm¬ 
ionic current in terms of T, the variation of F"^ is almost negligible 
compared with that of the exponential, but on the whole the experi¬ 
ments agree rather better with this law than with the simpler form 
used by ^MiUikan and Lauritsen. In the above expression F is of 
course the actual field at the emitting point which is usually larger 
than the apparent field as calculated from the macroscopic 
dimensions. If a value for x assumed, the slope of the curve 
log IjFru^ against IjF^ gives the ratio FjF^^. For various experi¬ 
ments of Gossling’s this ratio varies from 2-7 to 19*4 while for one of 
Rother’s it reaches 115. When this ratio is known a comparison of 
the observed and calculated currents gives the area of the cathode 
which is effectively emitting. In the case of fine pointed wires the 
areas are of the order of that of a hemispherical cap (10~® cm.2). 
Wheii surface films are present the equation needs modification; 
from the modified equation it is possible to deduce the thickness of 
the film, which comes out of the order of atomic diameters. 


Temperature Variation . 


Besides the temperature changes in the auto-electronic emission 
mentioned above, which are probably due to secondary causes, 
there is an interesting effect of a high electric field on a wire giving 
thermionic emission. Such emissions are difficult to saturate, and 
Schottky has explained this as an effect of the external field on the 
emission. At a certain distance x from the surface the j^otential of 
an electron T' = ej^x -i- Fx^ taking account of the image force. 


dV 


A\ hen = 0 and the electron is in equilibrium. If it 


32-2 
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gets beyond this point it will escape. The difference in the energy 
required to carry the electron to this point in the field, and that 
required to take it to infinity in the absence of the field, is equal to 
the energy gained from the external field up to a: plus that which 
would be required to overcome the image field beyond x, Le, 
eFx + e^j4:X = e^F^, We may regard the effect of F as diminishing 
the work of extracting the electron by this amount. Hence, from 
Hichardsoii s law, the thermionic emission is increased by the 

factor where F is in e.s.u. He Bruyne^ has made a series 

of measurements with timgsten wires and confirmed this effect for 


fields up to 10® volts/cm., except in one case where the wire ap¬ 
parently had a sharp point which gave a true auto-electronic 
emission with the stronger fields. Since h = RjN = RejNe and Ne 
is known from electrolysis, the exponential involves and known 


quantities, so that e can be found. He Bruyne gets the mean value 
of 4*84 X in good agreement with Millikan’s 4*77 x 10-^®. This 

forms a most satisfactory confirmation of the theory. 


An effect apparently analogous to that studied by de Bruyne 
has been observed with positive ions. The emission of positive 
ions from heated salts has been much used in investigations of 
isotopes (Vol. I. p. 389). Morand^ has studied the conditions under 
which it can occur, and finds that an intense electric field, which he 
estimates ma}^ rise locallj' to 10’ volts/cm. or more, produces a 
copious emission from a sharp point of the heated salt. He studied 
chiefly the halide salts of the alkalis and \vith these can get 
currents of the order of *1 milliamp. at a temperature which is 
insufficient to melt or appreciably decompose the salt, the voltage 
being from 30-40 kilovolts. From the uniformity of their energy it 
is certain that all the ions are formed at the surface of the salt. At 
higher temperatures this is no longer the case, the salt decomposes 
and ionisation occurs in the vapour. Increase of temperature and 
field both increase the emission, but as the current is associated 
with a loss of material from the salt, the minute irregularities 
from w'hich the rays probably start gradually change their shape, 
and one cannot expect consistent quantitative measurements. In 


1 De Bruyne, Proc.Roy. Soc. cxx. p, 423, 1928; sec also Pforte, Zeits.f. Phys. xlix. 
p. 4G, 1928. 

2 Morand, Ayin. de Physique, vii. p. 103, 1927. 
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addition, even at the lower temperatures, an appreciable fraction of 
the emission, perhaps even the major part, is due to bombardment 
by negatively charged atoms of the halogen, which are necessarily 
released at the same time as the metal atoms. The pressure in 
Morand’s experiments was about mm.; at higher pressures the 
bombardment gets more and more important, until the stage of 
anode rays is reached when the whole of the positive emission is due 
to the bombardment and a separate heating current is unnecessary. 
In this case the field required is much less, though still much more 
than that at the anode of an ordinary discharge, and the effect is 
rather to be classed as a secondary emission, like the S-rays, than 
as an effect of intense fields. Observation of the light by means of 
a rotating mirror shows that the discharge in this latter case is 
intermittent. 

Poirot^, who has extended Morand’s work to a number of 
metals such as chromium, calcium and barium, finds that he can 
get large yields from salts containing oxygen and in particular 
nitrates. He apparently works at low pressure but the oxygen may 
act to some extent as a substitute for the halogen in absorbing 
electrons. 

Discharge when the Electric Field is not Uniform. 

Bailie^ and Paschen^ made some very interesting experiments 
on the potential difference required to spark between spheres 
small enough to make the variations in the strength of the electric 
field considerable. Bailie’s results are given in Table A, Paschen’s 
in Table B on p. 502. 

We see from the tables that with a given spark length between 
two equal spheres, one charged and insulated and the other put to 
earth, the potential difference varies with the diameter of the 
spheres; starting with planes the potential dift'erence at first 
increases with the curvature and attains a maximum when the 
sphere has a certain diameter. This critical diameter depends 
upon the spark length, the shorter the spark the smaller the 
critical diameter. 

1 Poirot, Comj>tes liendus, clxxxix. p. loO, 1929; cxc. p. 735, 1930, 

2 Bailie, .Iw/i. de Chimie et de Physique (5), xxv. p. 486, 1882. 

3 Paschen, Wied. Ann. xxxvii. p. 69, 1889. 
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A. Potential Differences in Electrostatic Units. 


Pressure 760 mm.. Temp. 15°—20° C. 


Spark 
length 
in cm. 

Planes 

Spheres 

6 cm. 
diam. 

Spheres 

3 cm. 
diam. 

Spheres 

1 cm. 
diam. 

Spheres 
•6 cm. 
diam. 

Spheres 
-35 cm. 
diam. 

Spheres 
•1 cm. 
diam. 

•05 

' 8-94 

8-96 

9-18 

9-18 

9-26 

9-30 

9-63 

•10 

14-70 

14-78 

14-99 

15-25 

15-53 

16-04 

16-10 

•15 

20-20 

20-31 

20-47 ! 

21-28 

21-24 

21-87 

19-58 


25-42 

25-59 

25-95 

26-78 

26-82 

2713 

21-91 

1 -25 

30-38 

30-99 

31-33 

32-10 

32-33 

31-96 

23-11 


35-35 

3612 

36-59 

37-32 

37-38 

36-29 

24-12 

•35 

40-45 

41-45 

41-47 1 

42-48 

42-16 

39-39 

25-34 

•40 

45-28 

46-34 

46-77 

47-62 

46-34 

41-77 

26-03 

•45 

50-48 

51-46 

51-60 

51-56 

50-44 

1 43-76 

1 

26-62 

•40 

44-80 

45-00 

45-00 

45-50 

44-80 

41-07 

26-58 

•45 

49-63 

50-33 

49-63 

62-04 

48-42 

43-29 

28-49 

•50 

54-35 

55-06 

54-96 

54-66 

53-25 

47-21 

30-00 

•60 

63-82 

65-23 

65-23 

65-23 

59-69 

53-75 

31-51 

-70 

74-09 

75-40 

73-79 

, 72-28 

64-22 

66-47 

32-92 

-80 

84-83 

87-98 

84-76 

77-61 

67-75 

58-79 

33-82 

•90 

94-72 

97-44 

94-62 

80-13 

70-56 

59-09 

34-93 

1-00 

105-49 

112-94 

104-69 

83-05 

72-38 

59-49 

36-24 


B. Short Sparks. 


Long Sparks. 



(>(> 


3-8 
504 
6-62 
806 
9-50 
10-81 
n-78 



3-42 

5- 18 

6- 87 
8-82 
9-75 

10-87 

1214 

13-59 

14'70 

15-07 


3-61 

5- 58 

6- 94 

8- 43 

9- 86 

11- 19 

12- 29 

13- 77 

14- 89 
16-26 




1-71 
21-26 


Spark 
length 
in cm. 


•10 

•15 

•20 

•25 

•30 

•35 

•40 

•45 

•50 

•55 

•60 

•70 

•80 

•00 

1-00 

1-20 

1-50 


Spheres 

Spheres 

Spheres 

1 cm. 

•5 cm. 

•25 cm. 

radius 

radius 

radius 


15-96 

21-94 

27-59 

32-96 

38-50 

43-93 

40-17 

54-37 

50-71 

64-60 

69-27 

78-51 

87-76 


16-11 

22-17 

27-78 

33-42 

39-00 

44-32 

49-31 

54-18 

59-03 

63-35 

67-80 

75-04 

81-95 


16-45 

22-59 

28-18 

33-60 

38-65 

43-28 

47-64 

51-56 

54-57 

57-27 

59-95 

63-14 

66-39 

68-65 

70-68 

74-94 

79-42 
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The results given in these tables show that when the spheres 
are very small the potential difference required to produce a spark 

inch 



Fig. 207. 

of given length is, if the spark is not too short, very much less 
than the potential required to produce the same length of spark 
between parallel planes, and that the spark potential difference 
with very small spheres only increases slowly with the length of 
the spark. The effect of the shape of the electrode on the spark 
length is shown by the curves represented in Fig. 207, which is 
taken from a paper by De la Rue and Muller*. The curves give 
the relation between spark potential and spark length for two 
planes, two spheres (one 3 cm. in radius, the other 1*5 cm. in 
diameter), two coaxial cylinders, a plane and a point, and two 
points. 

Schuster^ has, by the aid of Kirchhoff’s solution of the problem 
of the distribution of electricity over two spheres, calculated from 
Bailie’s and Paschen’s results the maximum electric intensity in the 

1 Dc la Rue and Miiller, Phil. Trans, clxix. p. 55, 1878. 

2 Schuster, Phil. Mag. (5), xxix. p. 182, 1890. 
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field before the spark passed; the results for Bailie’s experiments 
are given in the follo-vving table in electrostatic units. 


Spark 
length 
in cm. 

Planes 

Spheres 

6 cm. 
diain. 

Spheres 

3 cm. 
diam. 

Spheres 

1 cm. 
diam. 

Spheres 
•6 cm. 
diam. 

Spheres 
•35 cm. 
diam. 

Spheres 
•1 cm. 
diam. 

■05 

179 


186 

190 

197 

206 

292 

•10 

147 

149 

153 

163 

176 

198 

376 

•15 

135 

138 

141 

157 

170 

206 

425 


127 

131 

137 

154 

170 

219 

460 

•25 

122 

127 

134 

154 

180 

236 

478 

♦30 

118 

124 

130 

156 

189 

253 

494 

•35 

116 

122 

129 

159 

197 

263 

616 

•40 

113 

122 

129 

164 


272 

528 

■45 

112 

120 

127 

166 

214 

278 

540 

-40 

112 

118 

124 

157 

197 

268 

539 

•45 

110 

119 

122 

167 

206 

275 

578 

•50 

109 

117 

125 

166 

218 

296 

608 

•60 

106 

116 

125 

181 

233 

327 

639 

•70 

106 

117 

126 

188 

234 

339 

667 

•so 


123 


192 

250 

349 

685 

•90 

105 ! 


132 

191 

255 

349 

708 

1-00 


128 

133 

194 

258 

349 

733 


It will be seen that the smaller the spheres, i.e. the more 
irregular the electric field, the greater the maximum electric 
intensity. 

For spheres of given size there is a minimum of the intensity 
at a certain spark length. This has been confirmed by Schumann. 
Russell^ has calculated the maximum intensity when the potential 
is symmetrically distributed, one of the electrodes being as much 
above earth potential as the other is below it. He finds that in 
many cases of this kind the spark occurs when the maximum in¬ 
tensity reaches about 38 kilovolts per cm. or 127 e.s.u. 

It is found that, when the gap is less than the radius of the sphere, 
the sparking potential is the same however the field is appbed, but 
for large gaps it is greater for the symmetrical arrangement than 
when one sphere is earthed. It is important to bear this in mind 
when spark gaps are used to measure direct or alternating potentials. 

I Russell, Phil, Mag. xi. p. 237, 1906; xix. p. 203, 1910. 
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Tables for both cases, extracted from the International Critical 
Tables^ are given at the end of this chapter. 

When the electrodes are of different sizes Faraday * found that 
the spark potential is different according as the smaller electrode is 
positive or negative; De la Rue and jMiiller^ also observed the same 
effect; according to Wesendonck^ this difference only occurs wlien 
a brush discharge accompanies the spark; when the conditions are 
such that the discharge passes entirely as a spark the spark potential 
is the same whichever way the spark passes. While this is usually 
true, there are exceptions at high voltages, see p. 568. 


SparJc Potential in Different Gases. 

When the field is nearly homogeneous and the S 2 >ark length is 
long compared with the distance corresponding to the minimum 
sparking potential, the relation between potential and spark length 
is approximately linear of the form V = ax b. If the spark 
length is kept constant and the pressure varied it follows from 
Paschen s law that the relation between these quantities is also 
linear. Thus Wolff4^ who measured the potential required to 
produce a spark 1 mm. long at j^ressures varying from 1 to 5 atmo¬ 
spheres, found the following exinessions for the j^otential V in 
electrostatic units at a pressure P atmospheres; 

For hydrogen T' = 6*509P -f- 6-2. 

For oxygen T' = 9-6P 4 - 4*4. 

For air V = 10-7 P 4- 3*9. 

For carbon dioxide T'— 10-22P4-7-2. 

For nitrogen V = r2-08P + 5-0. 

The order of the spark potential for different gases, as will })e 
seen from these results, depend.s upon the pressure; thus at a 
pressure of 1 atmosphere V for CO 2 is greater than V for air, while 
at high pressures it is less. 

Measurements by OrglerS made with spherical electrodes 1-25 cm. 

1 raradaj-. Experimental Resenrrhr.s, § 1480, 

2 De la Rue anfl Miillcr, Phil. Trnns. eixix. p. .“i.j, 1S7S. 

3 Wescnclonck. Wied. Ann. xxxviii. p. 222, 1880. 

4 Wolff, Wied, Ann. xxxvii. p. :iOG, 1880. 

5 Orglor, Ann. d. Phys. i. p. l.">0, 1000. 
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radius are slio'wn in the table, the spark-gap was *5 cm., potentials 
in kilovolts. 


Pressure 
in inm« 

1 

750 

650 

1 

550 

450 

350 

250 

Air 

17-45 

15 47 

13-46 

11-42 

9-339 

7-116 

CO2 

15-73 

1400 

12-33 

10-49 

8-640 

6-762 

H2 

9-858 

8-805 

7-722 

6-651 

5-469 

4-212 


1 

18-13 

16-20 

14-18 

12-08 

9-954 

7-617 

0 . 

i 

15-71 

14-02 

12-14 

10-25 

8-325 

6-372 


Pressure 
in mm. 

150 

100 

60 

40 

20 

Air 

4-848 

3-579 

2-505 

1-914 

1-266 

CO. 

4-656 

3-537 : 

2-520 

2-010 


H. 

2-871 

2-148 ' 

l-5o4 

1-140 


! n: 

5-175 

3-840 

2-691 

2-010 


0 . 

4-320 

3-171 

2-244 

1-710 

• 


Ritter * has made measurements on chlorine, bromine and 
helium, some of his and Orgler’s results are shown plotted in Fig. 208. 
The potentials in bromine were sometimes less and sometimes 
more than those in chlorine; these gases showed much lag, it was 
necessary to irradiate the electrodes. 

The following values are given in the International Critical 
Tables for the dielectric strengths relative to air of various gases 
for moderately long sparks, they are accurate to about 10 per cent. 

Gas Cl H N O SO2 H^S NH3 CO. 

Vl\\ -85 -Go Mo *85 -30 -90 1-00 -Oo 

Meyer whose work has been confirmed and extended by 

Stucklen3, finds that while moderate drying facilitates the passage 
of a spark in air, extreme drying below a vapour pressure of about 
•01 mm. raises it again. The increase may be large, up to 55 volts 
in a few hundred. The pressures were a few millimetres. As regards 

1 Ritter, it. Phys. xiv. p. 118, 1904. 

2 Meyer, -4 hh. d. Phys. Ixv. p. 335, 1921. 

3 Stiicklen, -4 «h. d. Phys, Ixv. p. 369, 1921. 
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the slight fall in potential with drying, this might be expected since 
the mobility of ions is greater in dry air, but the rise can hardly be 
attributed to changes in the gas, for the density of the water vapour 
involved is so small that it is unlikely that an ion should make even 



Fig. 208. 

one collision with a water molecule in its path between the elec¬ 
trodes. It is probably to be attributed to changes in the gas layer 
on the cathode modifying the emission of electrons. Strohhacker * 
has measured the sparking potential of water vapour by itself. It 
is equal to that of dry air at a pA of 60 (both in mm.), is more than 
air for shorter sparks and less for longer ones. For short sparks the 
curves show pecuharities, over a certain range the potential hardly 
increases at all as the pressure or spark-gap increases, the curve 
having a point of inflection. Weichelt^ has made measurements at 
atmospheric pressure with spark-gaps of *5 to 3*2 cm.; for this range 
he finds F/F„ = 1*166 approximately constant. Extrapolation of 
Strohhacker’s curve would lead one to expect YjVa < 1- 

1 Strohhacker, Zeits. f. Phys. xxvii. p. 83, 1924. 

2 Weichelt, Phya. Zeita. xxxii. p. 182, 1931. 
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Xatterer * tested for a large number of gases the length of spark 
produced at constant pressure by a small induction coil; the mea¬ 
surements made by this method are of necessity exceedingly rough 
but they are for many gases the only measurements we possess 
relating to the passage of the spark. Part of Natterer’s results are 
given in the following table, the temperature when not stated is to 
be taken as about 20° C., the spark lengths are in millimetres. 

It will be noticed that the spark lengths are short in vapours of 
complicated chemical constitution in which the mean free paths are 
small; the halogen elements chlorine, bromine and iodine seem to 
exert a great influence in shortening the spark; these elements have 
a great affinity for electrons. 


Gas 

Spark length 
• 1 

I 

1 Ga^ 

Spark length 

in mm. 


in mm. 

j r 


15-20 

HCN (80° G.) 

1 

2-3 


10-15 

CO 

10-14 

xb 

9-14 

C,H 4 

8-13 

0. 

8-10 


10-13 

HCl 

5—7 

1 

CH 3 OH (100= C.) 

9-12 

Ch 

2-4 j 

CO 2 

8-11 

HBr 

2-3-5 1 

1 

CH 3 .CHO (100= C.) 

6-8 

HI 

1-5-2 1 

C^HgOH (110= C.) 

7-9 

Br 2 ( 100 ® C.) 

2-3 

CH 3 CI 

8-11 

I.(230°C.) 

2-5-3 

1 

C 0 N 2 

1-5-2 

HoO {130= C.) 

4-7 

(CH3)2C0 (100= C.) 

6-9 

HiS 

3-5 

C2H5CHO(100= C.) 

4-7 

N 2 O 

3-5 

C^HsCl 

4-7 

SO, 

1-5-2 ! 

(dHslgO (100= C.) 

5-8 

HgCl,{271= C.) 

2-2-5 

CS, (100= C.) 

2-3 

XH, 

5-8 

cA(iio= c.) 

7-9 

PH, 

4-7 

C4H4S(110= C.) 

4-5 

S,Cio(135= C.) 

1-75-2 

C2H3O2C,Hs(110° C.) 

3-7 

PCI, (137-5= C.) 

1-5-2 

C,H6Br(l00° C.) 

3—3-5 

AsCb (181-5= C.) [ 

1-25-1-5 

CHCl3{100= C.) 

1-75-2 

PBr3(271= C.) 

1-75-2 

C3H,Br(100= C.) 

2-25-2-75 

SiF, (101= C.) 

5-7 

(CHalgCHBr ( 100 = 0 .) 

2-2-5 

PCI 3 O (153= C.) 1 

2-25—2-5 

CH3l(100= C.) 

2-2-25 

SiCl4(170= C.) t 

1-75-2 

CCI 4 (110= C.) 

1-5-1-75 

SnCl 4 (260=C.) ; 

1-5-1-75 

C 0 H 5 I (100= C.) 

1-75-2 

CH 4 1 

7-10 

CHBr3(180= C.) 

2-2-5 

C.,H2 j 

1 ‘ 

3-4 

Hg{C2H5)2(195= C.) 

6-7 


iSTatterer found that the spark length was exceptionally long in 

I Nattorer, Wied. Ann. xxxviii. p. 63, 1889. 
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tlie monatomic vapours of mercury and cadmium, we have seen 
that it is also long in the monatomic gas helium. 

Wright ^ has made measurements of the spark-gaps in various 
gases eqidvalent to a spark of fixed length in air at the same 
temperature and pressure. The results are given in the table: 


Gas 

Equivalent to 
air-gap of 

30 mm. 

Equivalent to 
air-gap of 

20 mm. 

Temperature 

Methane 

29 

20 

100 

Methyl chloride 

24 

16 

100 

Methylene chloride 

9 

6 

100 

Chloroform 

5 

3*5 

100 

Carbon tetrachloride 

1*5 

1 

100 

Methyl bromide 

12 

9 

100 

Methyl iodide 

8*5 

5-5 

100 

Bthane 

24 

18 

100 

Ethyl chloride 

21 

•16 

100 

Ethyl bromide 

9 

6*5 

100 

Ethyl iodide 

6-5 

4-5 

100 

Ethylene 

S& 

27 

100 

Acetylene 

32 

26 

100 

Water 

40 

36 

138 

Methyl alcohol 

30 

26 

138 

Ethyl alcohol 

23 

19 

138 

iso-Propyl alcohol 

18 

15 

138 

iso-Butyl alcohol 

16 

13 

138 

Ethyl formate 

14 


138 

Ethyl acetate 

11 


138 

Ethyl propionate 

8 


13S 

CO 2 

16 

11 

100 

SO 2 

10 

6 

100 

CSo 

8 

5 

100 

H 2 S 

17 

1 

12 

100 


Bouty^ has made a series of experiments on the electric field 
required to make a gas into a conductor, using a method which 
dispensed with the use of metallic electrodes. In this method the 
gas at a low pressure is contained in a glass vessel with parallel 
sides, this vessel is placed in the space between two parallel 2 >Iates 
parallel to the walls of the vessel, and the difference of potential 
between these plates is increased until the gas in the glass vessel 
becomes luminous, indicating that a discharge is passing through 

1 Wright, Journ. Ckern. Soc. cxi. p. 643, 1917. 

2 Bouty, Ann. de Phys, xvi. p. 5, 1921 contains a resume of th’s work. 
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it. Bouty measures tte strength of the electric field when this 
occurs. He finds that above a certain pressure the field F is given 
by F = aj> + jB. He calls a the cohesion dieleetrique of the gas. 

At constant density the field was found to be independent of 
the temperature from — 100° C. to 200° C. The values of a for 
17° C. are given in the following table for a number of simple gases, 
p being in cm. of mercury and F in volts per cm. 

Gas Ne He Ar Hg Hg Air COg CaHg 

a 5-6 18*3 38 354 205 418 419 580 

The low values for the inert gases are noteworthy. In his later work 
Bouty found that the nature of the electrodes was unimportant, at 
least at the higher pressures. The same results were obtained if the 
gas, instead of being enclosed in a closed glass vessel between the 
plates of the condenser, was in a tube of which the plates themselves 
formed the ends. (See p. 432.) 

He also measured the constant for a number of vapours with 
the results given in the following table. Bouty’s measurements 
were made at pressures ranging from *0055 cm. to 2 cm. of mercury. 


1 

V’apour of 

B 

( 

a 

Water 

1 -- . 

333 

500 

] Methyl alcohol 

375 

616 

Ethyl alcohol 

364 

800 

INIethyl formate 

' 360 

1000 

Ethyl propionate 

364 

1020 

Acetone 

355 

1100 

Ethyl formate 

360 

1110 

Methyl acetate 

369 

1250 

Carbon disulphide 

330 

1510 

Toluol 

380 

1610 

Benzol 

377 

1670 


It will be seen that the values of B vary very little in com¬ 
parison with those of a. The values of a are in nearly every case in 
the same order as those of 1/A, where A is the mean free path of the 
molecules of the gas, and are in many cases roughly proportional 
to this quantity. 




SPARK DISCHARGE 


511 


Theory of Spark Discharge. 

As in all cases of gaseous discharge, the current in a spark is 
carried by ions formed in the gas. The electric field which produces 
a spark is quite unable to ionise the molecules by a direct separation 
of the positive and negative charges in the molecules, and except 
in very extreme cases (see p. 492) it cannot even extract electrons 
from the metal of the cathode. In a gas in the ordinary state there 
are a small number of ions present due to the sources of ionisation 
considered in Vol. i, Chap. i. While these are too few to carry a 
current comparable with that in a spark, they yet play a very im¬ 
portant part in starting the discharge, for on all theories of the 
sjjark it is the collisions of these ions with the gas molecules or the 
electrodes which ultimately produce, by a multiplying process, the 
main supply of ions. Since the number of ions which naturally 
occur is so small as to be liable to considerable probability fluctua¬ 
tions, one can understand the existence of a lag in the starting of 
the discharge, and why it is governed by a probability law as found 
by Laue and Ziiber. If there is a strong external source of ions, 
such as ultra-violet light shining on the cathode, this statistical lag 
will be reduced. Some process is required by which the few ions 
originally present can be multiplied till they can carry heavy 
currents. We have seen that electrons can be quite efficient 
ionisers once they acquire an energy greater than the ionisation 
potential of the gas. In a strong field the electrons produced in 
this way will soon acquire enough energy to be able to ionise on 
their own account, the number of electrons will thus increase in 
geometrical progression and may soon become very large. But this 
process by itself cannot account for a continued discharge. The 
electrons are all the time moving under the field away from the 
cathode and the multiplication wdll cease when they reach the 
anode. Thus ^vhile there may be a large increase in the number of 
ions, the current -will be proportional to the number of electrons 
originally produced by the outside sources of ionisation. Now it 
IS chiiracteristic of a sjiark that once the discharge begins the re¬ 
sistance of the air falls to a very low value and the current is in 
practice determined by the resistance of the rest of the circuit. 
Further, apart from the lag, the sparking potential is only slightly 
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influenced, if at all, by a large increase in the ionisation due to 
external sources. In fact the external ionisation acts like pulling 
a trigger, and the magnitude of the current in the spark bears no 
relation to the intensity of the initial ionisation. This can be ex¬ 
plained if in any way the positive ions can release electrons at or 
near the cathode, for then these electrons will produce fresh positives 
by collision as they move towards the anode, these again give rise to 
fresh electrons and so on in indefinite multiplication. Thus the only 
efiect of a change in the number of ions initially present when the 
field is applied is to alter the time the current takes to reach some 
assigned large value. 


TownsencVs Exjperiments, 

In discussing the various theories which have been brought 
forward to explain the spark discharge some experiments by 
Townsend and his pupils need careful consideration. The experi¬ 
ments in question relate to the variation in the current between two 
parallel plates in a rarefied gas as the distance of the plates is 
altered. One plate is illuminated by ultra-violet light and is made 
the cathode, the electrons thus released produce others by collision. 
As long as the distance d between the plates is not too great the 
number of electrons N arriving at the anode is given by 



where Nq is the number released from the cathode, a is the number 
of pairs of ions produced by an electron per cm. of path, q the chance 
of the electron losing its ionising powers by attachment to a neutral 
molecule. The consequences of this equation are discussed in 
Vol, I (p. 471). When, however, d exceeds a certain value depending 
on the conditions, the current increases more rapidly than the 
exponential. Townsend explains this by supposing that the positive 
ions also ionise. The theory may be expressed as follows. Let p be 
the number of pairs of ions produced by a positive ion per cm. of 
path. Let n be the number of electrons per c.c., m the number of 
positive ions per c.c., u and w their velocities. Then the equations 
of continuity are 


dt dx ^ 
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dm 

dt 


dx 


(mw) = nuoL -h mw^y 


where x is measured from the cathode, the loss of electrons by 

attachment is neglected, and also re-combination which is small in 

dn dm . , , . 

'di' dt since 


high fields. In a steady state 


e (nu + mtv) = i 

if i is the current density between the plates, 

d 

^ {enu) = emi (cc — P) -{- pi, 
enu = — pij{<x. — P). 


or 


\\hen a; = 0, nu = HqUq, Hence C is determined and 


enu = cUqUq + 


Pi 


_ 1 ) 


CC ~ p 

If d is the distance between the plates, then when x = d, enu = 

en^Q (a — p) eN^ (a — p) 


t = 


T-T^r\i>p 

where is the number of electrons released from the cathode 
per sq. cm. per sec. 


If d is so large that a = the denominator vanishes, and 

^ becomes infinite. This clearly corresponds to a spark. 

The following is a specimen of the results^: 

Air at 4 mm. pressure under a force X = 700 volts per cm 
a = 8-16, p = *0067. 


d ill cm. 

^ -2 

I 

•3 

•4 

•5 

4 

-6 

■7 

* -8 

i 

1 

512 

1 

11-4 

26-7 

1 

1 

61 

148 

1 

1 401 

i 

! 1500 

1 

^ad 

oil 

1 ^ 

i 11-6 

26-1 

59 

1 

133 

301 

680 

(a - 

4 

1 

oil 

11-6 

26-5 

1 

62 

1 

[ 

149 1 

1 

1 

399 

} 

1 

1 

t 

1544 

4 


I Townsend and Hurst, Phil. Mag. viii. p. 738, 1904; see also Electricifg in Gases, 
Townsend, 1915, for a general account (Chap. ix). 
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Tke value >S of at which, the denominator vanishes is '871 
with the values of a and ^ chosen. SX = 609 volts and the observed 
value of the sparking potential was 615 volts. Townsend found 
that i was proportional to Hq for aU values of d, so that the currents 
were too small for space-charges to be important. It is therefore 
legitimate to treat the field X as constant, and also a and except 
quite close to the cathode where the electrons might not have 
reached their terminal velocity. The excellent agreement between 
SX and V in these experiments which extended to air, hydrogen, 
nitrogen, argon, carbon dioxide and helium, shows that the same 
mechanism which produces the rapid increase of ^ "with d also 
accounts for the spark. 

% 

Spa ce-Ch a rges. 

In Townsend’s experiments space-charge effects cannot have 
been important, for if the space-charge were appreciably aft’ecting 
the field, an increase in the current, which would increase the space- 
charge, would alter the conditions, and the final current would not 
have been simply proportional to the number of electrons released 
from the cathode as Townsend found it to be. We must thus 
suppose it possible for a s^jark to occur at the normal potential 
without the intervention of space-charge effects. This does not 
mean that they are never important in the spark discharge. On 
the contrary, they probably play an important part in permitting 
the spark to occur with great suddenness when a voltage is applied 
in excess of the minimum required for the particular conditions of 
spark length and pressure. So far, we have only considered the 
starting of the spark, once the spark has started the conditions bear 
no relation to those in Townsend’s experiments, the ionisation is 
very intense and multitudes of ions are present. These will rearrange 
themselves in the electric field and produce a strong localised field 
at the catliode and the other features characteristic of a steady 
<lischarge. By this rearrangement the voltage required to produce 
the discharge is diminished, and the instability implied in such a 
reduction of resistance is one of the causes of the explosive character 
of sparks. As suggested in the last edition of this book, the re¬ 
arrangement probably explains why it is often easier to pass a spark 
immediately after one has occurred. 
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Values of a and p. 

In Townsend’s experiments the distances were less than cor¬ 
respond, at the pressure used, to the minimum sparking potential. 
The values of X-jj) are therefore more than woidd be required to 
give a very long spark. In air the field required to give a long spark 



at atmospheric pressure is about 30,000 volts/cm. corresponding to 
XJp = 40 about. The value of ^ is always much less than that of a, 
and on Townsend’s view sparking will occur for very long sparks as 
soon as Xjp is large enough to make p appreciable. Figs. 209, 209 a 


33-2 
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show the values of a and p as found by Townsend and his co-workers. 
It is difficult with small values of d to determine with certainty 
when p first appears, it is easier to do so for a, thus Townsend states 
{Electricity in Gases, p. 285) that a/p for air is *12 when Xjp — 60 
and becomes very small for lower values of Xjp. For the inert gases 



Fig. 209 a. 


it is appreciable for much lower values of XJjf), e.g, <x.lp = *13 for 
XIp = 5 in helium. At the lower values of X/p the chance of 
attachment of the electron to a molecule is important in the case of 
air; it is unlikely that the negative ion so formed will have con¬ 
siderable ionising powers and the apparent value of a will be much 
reduced, while in the case of the inert gases this effect does not 
occur, as is shown by the large mobilities of the negative ions in 
these gases (Vol. i. p. 133). 

Interpretation of p. 

There are serious difficulties in the view that the positive ions 
in air produce ionisation by collision at values of Xjp of the order 
of 40. At this field strength the voltage drop for a free path is only 
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about J volt. The fraction which would acquire even the energy of 
the minimum ionisation potential (13 volts for oxygen) is of the 
order 10“^’ which would give only about 10“^’^ ions per cm. 

Even this is probably a wild exaggeration, for it is very unlikely that 
a positive ion can ionise till it has several times the ionisation 
potential. We have seen that even ions of several hundred volts 
energy have very shght ionising powers. In tlie last edition of this 
book it was suggested that the bombardment of the cathode by the 
positive ions might release electrons, this leads to an expression for 
the sparking potential as follows. We shall suppose that the current 
is small so that there are not enough ions between the plates to 
disturb appreciably the uniformity of the electric field: thus the 
potential difference between the cathode and a point distant x from 

Vx 

. If n is the number of electrons and u the velocity of 

the electrons at this point, the number of positive ions produced by 
them in a layer of thickness 8x per xmit time is proportional to 
nu8x, let it be equal to ccnu8x. If the positive ions had an uninter¬ 
rupted fall to the cathode they would reach it with an amount of 

see 

energy ^ , where e is the charge on the ion, but the energy will be 

less than this (1) because the ions lose some of their energy by 
collision before they reach the cathode and (2) because some of the 
ions recombine during the journey and so do not reach the cathode 
at all; we shall suppose that on the average the energy possessed by 


it will be 


the i)Ositive ions when they reach the cathode is 


Vex 

d 


— bx 


thus the 


energy given to the cathode in unit time by the positive ions is 


r 

0 


^ ex j 

Qf.nu —^ 


d 


wo have also 


A 

dx 


(nu) = (X)iu^ 


thus nii = nQUQ€°^, 

where the stream of electrons coming from the cathode: but 

the emission of electrons from the cathode is due to the impact of 
the positive ions; if we suppose that the number of electrons 
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emitted in unit time is proportional to the energy given up to the 
cathode by the positive ions in that time, we have 

r ^ 62 / 

n^UQ := h (xnu 

Jo d 

where k is a constant. 


Substituting for nu the value we get 

Vc (^ 

\ = Ic —j~ a / €°^x€~^^dx 
((’ J 0 


, Ve 
= /t 


(« 


- b 


^(a-6) d 

_ J__ , 


or 


F = 


a ~ 6 1 


a 




^ I 

(a — 6)2 (a — 6)2J 
1 


ke - 




f:i(X~b)d 1 

-&) d __ _ I ± _ 

d{oc — b)^ d {(x~ b)} 


.( 1 ). 


This equation gives the relation between the potential difference 

and the distance between the electrodes when the current is main¬ 
tained in this way. 


This view has been strengthened by the experiments of Oliphant 
and others (Chap, v) on the release of electrons from metals by 
positive ions, but their experiments suggest that the release is more 
determined by the potential energy of the ions^ than by their 
kinetic energies, at least for the energies which are likely to be 
acquired in fields such as we are discussing. If we suppose that the 
number of electrons released by one positive is a constant y, then the 
relation between the current and the distance apart of the plates can 
be found as follows. The number of pairs of ions generated by the 
original Nq photo-electric electrons is Nq (€“''— 1), when this num¬ 
ber of positives arrive at the cathode they will release 1) 

more electrons which in their turn will produce positives and so on. 
Thus the total number of electrons is 

[H- r - 1) + y- - 1)2 + ...] 

A^oe®='' No (a — B') 

- = “ 3 , _ > ^'liere y = ^7(« - P'); 

this is juactically the same form as on p. 513 if is small. Towmsend 
derives this expression on p. 331 of his book but considers that it 
is a less probable explanation of his experiments than ionisation by 

I See J. J. Thomson, Phil, Mag. xlviii. p. 1, 1924. 



SPARK DISCHARGE 519 

collision. If it were true, liis values of p would practically be values 
of ya since a 

In tbe last few years evidence lias been accumulating in favour 
of the above view. Holst and Oosterhuis ^ find that the minimum 
sparking potential in neon depends greatly on the material of the 
cathode, being three times as large for caesium as for carbon. With 
small currents at low pressures sharp layers of light appear in the 
gas, spaced so that the potential between them is the ionisation 
potential. This suggests electrons coming from the cathode and 
ionising as soon as they reach the minimum energy (in this gas the 
energy required for excitation is but little less than is needed for 
ionisation). The second generation of electrons would then all 
start from nearly the same place and again reach the ionisation 
potential together, thus producing a second layer of ionised gas. 
Taylor^ finds that the sparking potential of a neon-helium mixture 
is diminished when the cathode is coated with sodium. Again, re¬ 
peated discharges in a tube at low pressure (c. 1 cm.) produce a 
‘ l^olarisation * of the electrodes which may change the minimum 
sparking potential for later discharges by as much as 65 volts, if the 
current is high. For smaller currents the change was usually about 
7 volts and the tube recovered on resting for about half an hour 
or on reversing the current. Taylor ^ also found that the sparking 
potential in helium, which varied a good deal wth the conditions of 
purity (272-196), was correlated with, the photo-electric sensitivity 
of the cathode, the sparking potential being least when the photo¬ 
electric emission was greatest. All this suggests that the state of the 
cathode is of fundamental importance, presumably because it is a 
considerable source of ions, though the experiments do not exclude 
ionisation of the gas by the positives as well. 

Objections have been raised by Townsend4 and others5 to the 
view that the positive ions produce ions only or mainly at the 
cathode. They point out that the values of y deduced on this 

1 Holst and Oosterhuis, Phil. Matj. xlvi. p. 1117, 1923. 

2 Taylor, Phil. Mtig. iii. pp. 308, 753, 1927; ih. iv. p. 505, 1927; also Proc. /foy. 
Soc. cxiv. p. 73, 1927. 

3 Taylor, Proc. Roy. Soc. cxvii. p. 508, 1928. 

4 Townsend, Phil. Mtuj. xlv. p. 444, 1923. 

5 Huxley, Phil. Mag. iii. p. 1056, 1927. 
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assumption from the parallel plate experiments vary rapidly with 
X/p. On the other hand w^hen a discharge passes between a wire and 
a coaxial c^’^linder the size of the cylinder, and hence the force near 
it, is unimportant; only the field at the wire matters (see p. 551). 
The critical field is nearly the same whether the wire be cathode or 
anode. Now if the wire is the anode the weak part of the field near 
the cylinder will give little energy to the positive ions, and the larger 
the cylinder for a given field at the wire the weaker the field at the 
surface of the cylinder and the less energy with which the positives 
will reach it. So apparently in this case y must be independent of 
the field, though it varies with it considerably in the parallel plate ex¬ 
periments. But this argument supposes that it is the value of y which 
controls whether the discharge takes place; it seems possible that the 
value of a may be more important, or rather the difference between 
a and q the chance of attachment of an electron. Suppose that OL — q 
is just positive for the critical field of about 30,000 volt/cm. in air 
at atmospheric pressure, then if the spark-gap is long enough the 
number of ion pairs due to a single electron from the cathode will 
be very large. All these positives will return to the cathode and if 
only one releases an electron there the process can continue. 

In variable fields A = and the number of positives 

is I (X.N dx, hence the condition for a spark is 

> 1 . 

Now if X is large the first term will have a very large value as 
soon as a — <7 is appreciable, and since a — q will vary considerably 
with the field strength the variation of the exponential will be so 
rapid that it will be the determining factor, and the left-hand side 
will exceed unity at much the same value of the mean field whatever 
the value of y within reasonable limits. Thus so long as y is finite, 
even for w^eak fields, the experimental results can be explained. 

The observed increase of y with XJp in the case of the experi¬ 
ments with parallel plates raa}’’ be due partly to a change in the 
nature of the positive ions. In weak fields the positive ion has a 
mobility which shows that it is a cluster. Recently indeed, Tyndall ^ 

I Tyndall and Powell, Proc. Poy. Soc. cxxix. p. 162, 1930. 


r* f (a-7)«/x , - 

y / a - aa; > 1 

J 0 


or y e' 


I* 

f A 


■ - 1 + 

J 0 
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has shown that in helium of quite exceptional purity the mobility 
is much larger and the ion is probably an atom, but this only em¬ 
phasises the low mobility of these ions under ordinary conditions. 
The clusters are probabh^ largely composed of polar molecules of 
impurities. Practically nothing is known as to the energy with which 
these molecules attach themselves to the ion, but the cluster must 
have less potential energy than a bare ion or it would not form, and 
so its ability to release electrons from the cathode must be less. 
As the field is increased a point must be reached at which the im¬ 
pacts with the molecules become violent enough to break up the 
cluster or prevent it from forming. It is well known that in the 
positive rays the positive ions are single atoms or molecules, but 
there seems no experimental evidence to show at what values of Xfp 
this first occurs. It may be that the increase in y which Townsend’s 
experiments show, on our view, is to be attributed to the positives 
spending an increasing fraction of their lives as atoms or molecules 
when Xjp is large. According to some experiments by Penning, 
y always increases with the voltage; if this is correct it gives an 
immediate explanation of Townsend’s results. 

Another effect which may be of importance in releasing electrons 
from the cathode is the photo-electric effect of the radiation from 
the discharge, especially the ultra-violet components. These ^Ent- 
ladungstrahlen,’ discovered by Wiedemann, have an appreciable 
ionising effect on a gas^, and can produce a considerable photo¬ 
electric effect as they are very rich in ultra-violet radiation. It 
would not, however, be fair to assume that the radiation when the 
spark is in progress, and perhaps is passing largely through metallic 
vapour from the electrodes, represents that produced during the lag 
of the spark, even in quality. There can be no doubt, however, that 
some radiation must accompany the ionisation by the electrons, 
though the relative j>robabilities of excitation and ionisation are 
still very uncertain. The effect ^vill tend to be more important when 
the spark-gap is long and the number of possible exciting collisions 
numerous, than in experiments of the Townsend type where there 
is a large field and few collisions. Its importance will also depend 
on the size of the cathode. In the case of a discharge from a wire it 
will be much more important if the cylinder is cathode than if the 

I J. J. Thomson, Proc. Camb. Phil. Soc. x. p. 74, 1809. 
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wre is Tlus may account for what seems a weD-established fact 
that With thick wires the discharge may occur at a lower potential 
With the wire positive than with it negative. 

To sum up, the view suggested is as foUows. Very long sparks 
Will occur as soon as a - 57 is positive. If the spark is long enough 
a small value of a - y will give an immense number of pairs of ions 
for each electron released from the cathode, and the action either 
of positive 10 ns or of the radiation on the cathode will release the 
electron which is necessary to maintain the process. If the spark is 
shortened the value of Xjp has to be increased, this increases «/p 
mid so gives the same number of ions for fewer collisions. When 
Xjp becomes large, as in Townsend’s experiments, y increases and 

pass. For very short sparks the 
potential mil be large, for each electron from the cathode will make 

only a small number of ionising collisions, there will be only a few 

positive 10 ns to maintain the supply of electrons from the cathode 

and they can only do so if they strike it with great energy. Oliphant 

ounc that while for small voltages the release of electrons from the 

cathode was independent of the energy in the case of helium ions, 

it increased with the energy when this exceeded a certain value 

depending on the state of cleanliness of the cathode. Penning finds 
a steady increase at all voltages. 

The above theory demands that a long spark should occur as 
soon as X/p is large enough to make g. Some experiments by 
Ayres ^ seem at first sight to contradict this. Examining H^, and 
Ar by the usual Townsend method he finds that a/p is appreciable 
for H, at X/p = 5, for Nj at 10 and for Ar at 1-05. Little is known as 
to the potential required to produce long sparks in pure argon, but 
it IS probably low. For hydrogen we have from Fig. 201 X/p « 20 
in the limiting case of very long sparks. Now in pure hydrogen 
■7 = 0 so that a - 7 is apparently positive for values of Xjp smaller 
than those v hich give a spark. In Ayres’ experiments the hydrogen 
V as earefiillj’^ purified and, owing to the short distance between the 
plates and the low pressure, the chance of an electron attaching 
Itself to a molecule of impurity was slight. In measurements of 
long sparks at atmospheric pressure it would require an almost 

I Ayres, Phil. Mag. xlv. p. 353, 1923. 
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impossible degree of impurity to keep the electron always free and 
q can no longer be neglected. It should be noticed also that the 
presence in Ayres’ experiments of small quantities of a vapour of 
low ionisation potential such as mercury might make a considerable 
addition to the value found for a, and any soft X-rays produced by 
the primary electrons striking the anode would have a similar effect. 

Sudden Sparks. 

In the above theory no account has been taken of the time 
required to establish the streams of electrons and positive ions. 
It applies to Townsend’s experiments and other sparks with small 
pdy to corona discharges where a steady state is reached, and 
perhaps also to ordinary sparks in which the potential is slowly 
raised or the gap slowly diminished till sparking occurs. Even here 
the time element should perhaps not entirely be ignored, for it is the 
sudden formation of a few favourably placed ions which sets the 
spark going, and the time required to start the spark may be little 
greater than when the potential is applied suddenly^. However 
this may be, an important series of experiments has shown that in 
certain cases sparks can be started so suddenly as to cause con¬ 
siderable difficulties for the theory. Peek ^ seems to have been the 
first to show that sparks could be produced in times down to 
10 ~® sec. even over gaps 10 cm. long, without any great excess of 
potential over that required in a slowly rising field. He called the 
ratio of the potential required by a quickly rising field to that 
required by a steady field, the ‘impulse ratio.’ With spheres and 
an externfil source of ionisation the impulse ratio was unity, but 
with points it reached 3 or 4 even with external ionisation, and 
depended a good deal on the humidity. This work has been con¬ 
tinued by Campbell 3j JensenPedersen 3, Biirrowaj'^Beams7, 

1 Dunnington {Phys. Rei\ xxxviii. p. 1535, 1931), using a Kerr cell as an optical 
shutter, finds that the development of a spark with a small over-voltage of less than 
^ per cent, takes only a small multiple of 10~* sec. 

2 Peek, “Dielectric phenomena in high voltage Engineering,” 1915. 

3 Campbell, Phil. Mag. xxxviii. p. 214, 1919. 

4 Jensen, Phya. Rev. viii. p. 433, 1916. 

5 Pedersen, A7in. <1. Phya. l.xxi. p. 317, 1923. 

6 Burroway, Arch. f. Elektrotechniky xvi. p. 186, 1926. 

7 Beams, J</urn. Frank. Inat. cevi. p. 809, 1928. 



524 


SPARK DISCHARGE 


Tamm^ Rogowski^, and Eogowski and Tamm 3. Most of these 
workers have used electro-magnetic waves originating from the 
discharge of a condenser across a spark and conveyed to the spark- 
gap under observation along metallic conductors. Pedersen used 
the development of Lichtenberg figures as a measure of time, 
Burroway calculated it from the form of the wave, Beams used a 
Kerr cell operated by the wave as an optical shutter, while Rogowski 
and Tamm used a cathode ray oscillograph which has the advantage 
of giving a complete graph of the variation with time of the potential 
across the spark. While the results of these varying methods differ 
considerably, there is substantial agreement on a number of points. 



4 6 8 10‘10’‘^Sec. 

»_ I I 


Fig. 210. d — 1-0 mm. at 760 mm. pressure. 5 kilovolts. 


First, and most important, the spark can pass in a time which need 
not exceed sec. and according to some is substantially less. 
This is between irradiated electrodes of dimensions large compared 
with the distance between them, and gaps of the order of a few 
millimetres. If the electrodes have been roughened with clean car¬ 
borundum pa^jer they behave the same with or without an external 
source of ionisation, but if the cathode is polished or oily the lag 
may be considerably larger and is erratic. This extra erratic lag is 
removed by anything which produces electrons near the cathode. 
The lag for points is very much longer than for large electrodes, and 
irradiation of the cathode has no effect. According to Tamm the 
lag is greatly diminished by irradiating the anode of a point spark- 

1 Tamm, Arch.f. Elektrotechnik, xix. p. 235, 1928. 

2 Rogowski, ib, xx. p. 99, 1928. 

3 Rogowski and Tamm, ib. xx. p. 625, 1928. 
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gap. There can be little doubt that the effect of rubbing the elec¬ 
trodes with carborundum is to produce ionisation at the cathode by 
an emission of electrons from the points and roughnesses so formed, 
probably by the ‘auto-electronic’ action. After a number of sparks 
have passed, the effect of the carborundum wears off and the 
electrodes become ‘hard’ or ‘inactive,’ i.e. behave like polished 
electrodes. The material of the electrodes has no effect, but strongly 
electro-positive metals have not been tried. 




Fig. 212. d = 3-8 mm. at 185 mm. pressure. 5 kilovolts. 


Some typical results by Rogowski and Tamm are shown in 
Figs. 210, 211. The first shows the breakdown in a spark with com¬ 
paratively small excess voltage, the second with about 30 per cent, 
excess voltage. In the fijst case the breakdown occurs in a time of 
the order 5 x 10~® after the voltage reaches the static sparking 
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potential. Owing to the form of the potential wave the value of 
the potential when the breakdown actually occxirs is about 10 per 
cent, in excess of the static value. In the second case, with a much 
larger over-voltage the time is less, of the order 10“® sec. It is notice¬ 
able in Fig. 210 that the fall of potential is not steady but that there 
is apparently a slight recovery at about half value. At pressures less 
than atmospheric this effect is accentuated and the fall of potential 
definitely occurs in two stages (Fig. 212) of which the second is the 
more delayed the lower the pressure. Below 7 mm. Hg this step 
in the voltage time curve is indefinitely prolonged, the second 
breakdown never occurs and the discharge shows as a glow and not 
a spark. Photographs of the discharge show that during the ‘step’ 
the discharge fills the space between the electrodes except for a 
narrow dark space near the cathode. The second stage is associated 
with a concentration of the discharge into a narrow path between 
the electrodes, a true spark. After the spark is fully developed the 
potential is of the order of 100 volts and the current several amperes. 
Dunnington ^ using a small over-voltage finds that the visible dis¬ 
charge starts from the cathode, and if the spark-gap is large, also 
from a region near its centre. It appears then that a discharge can 
pass over a spark-gap of 1 mm. or more at atmospheric pressure in 
a small multiple of 10~® sec. without any very extraordinary over¬ 
voltage. Now on Townsend’s theory, and on that given above, the 
development of a spark requires the mutual increase of two streams 
of ions by collision with the molecules of the gas or vdth the cathode. 
One would expect that the time required to establish such a state 
would be at least a small multiple of the time taken by the slowest 
ions to cross the spark-gaj). Now although the mobility of positive 
ions under these high fields is rather imcertain, it is far too small 
to allow them to cross the gap, even in 10”^ sec. Taking the usual 
mobility of 1*4 the speed under 30,000 volt/cm. is 42,000 cm./sec. 
and the time to cross 1 mm. is 2*4 x 10“®. Very possibly in these 
big fields the positive ions will be atoms instead of clusters for most 
of the time, but on the other hand the mobility diminishes when the 
energy of a particle, as here, becomes comparable ^vith that of a 
molecule of the gas. On the whole it seems imlikely that the 
velocity will exceed 10® cm./sec. This is of the order of the speed 


I Dunniugton, Ph\js. Rev. xx.xviii. p. 1535, 1931. 
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of the molecules of the air, so it is not very likely that there are 
abnormally long free paths, or peculiarities in the character of the 
collisions to upset the arguments. We may estimate the speed of 
the electrons as follows. According to Compton’s formula (Vol. i. 
p. 176) the energy eJV of a fast-moving electron occurs in the ex¬ 
pression for the mobility in a factor in the denominator 



-h W ^ 




where eO, is the mean kinetic energy of the gas molecules. For 
small fields the mobility of electrons in nitrogen is 30,500 cm./sec. 
per volt/cm. according to Loeb and 18,000 according to Wahlin 
(Vol. I. p. 134), mean c. 24,000. Calculation shows that the speed at 
30,000 volt/cm. is reduced by Compton’s factor from 7*2 x 10^ to 
*73 X 10® cm./sec. The time for an electron to cross the spark-gap is 
therefore a small multiple of 10“®. Thus while the motion of the 
positive ions during the period of lag is negligible, that of the 
negatives may be very great. 

Von Hippel and Franck^ have shown that a large transport of 
electricity can occur without any motion of the jjositive ions. The 
initial electrons formed by radiation or otherwise at the cathode 
will generate others by collision and when all are removed there 
will be an excess of positives, greatest near the anode where the 
ionisation is largest. This will distort the field, so as to steepen 
the potential gradient in the rest of the spark-gap. Since a increases 
rapidly with the field the next lot of electrons from the cathode will 
produce many more electrons and the unequal distribution will 
be still further accentuated. Owing to the exponential law the 
production of electrons becomes enormous as soon as a is at all 
large. Hippel and Franck calculate that three successive sets of 
100 electrons per sq. cm. released from the cathode would be more 
than enough to produce a space-charge effect comparable with the 
original field. A strong field near the cathode produces now a large 
supply of electrons which then move in a weaker field to the 
anode without further ionisation, and a large current can be 
carried with a smaller total potential than was required to start 
it. The above calcidations depend on values of a extrapolated 

X Von Hippfl and Franck, Fhys. K ii. p. (i'JO, iy2l>; seo also Loeb, Journ. 

Frank. Inst. cex. p. 15, 1930 for an alternative explanation. 



528 


SPARK DISCHARGE 


from Townsend’s experiments and too much weight must not be 
laid on the numerical values found, but a simple illustration shows 
the enormous power of multiplication of electrons when the field is 
considerably more than that required for sparking. Townsend finds 
a/p = *12 at ^.j-p = 60, about 50 per cent, above the sparking field. 
At atmospheric pressme and 1 cm. spark-gap so that a 

single electron could give a practically infinite current. In practice 
this would mean that the current was limited only by the reverse 
field due to the positive space-charge, thus the potential between 
the plates will fall in spite of a heavy current, until ionisation by 
collision stops. It is interesting that Torock ^ has observed luminous 
streamers in cases when a potential in excess of the static sparking 
potential is suddenly applied, and removed again before it has time 
to produce a spark. 


For short sparks, of the order of the distance for minimum 
potential, the multiplication will be of course much less, but there 
is no evidence to show that these occur so quickly that the process 
suggested in the first theory could not explain them. An interesting 
confirmation of the theory is afforded by some observations of von 
Hamos^ of the light from sparks in their early stages obtained by 
means of a Kerr cell, which only allowed the light to pass during a 
certain adjustable period of the discharge. He found that a band of 
luminosity spreads from the anode towards the cathode with a 


speed of about 5 x 10^ cm./sec. From an examination of the spec¬ 
trum of this light, which was continuous, Hamos concluded that it 


was produced in a region of very strong 


ionisation, 


the Stark effect 


on the bands of the molecular nitrogen spectrum fusing them into a 


continuum. The spread of this light from the anode is just what 
one would expect, for on Franck and von Hippel s view the ionisa¬ 
tion first becomes intense near the anode, and spreads backwards 


to the cathode as the electric field becomes more and more concen¬ 


trated towards it. The over-voltage in these experiments was large. 


The existence of the ‘ step ’ in the oscillograph records show that 
stages occur in the complete breakdow^n of resistance, though 
with large over-voltage they may run together. Consideration 
shows that the mechanism we have so far discussed cannot provide 

1 Torock, AJ.E.E. Journ. xlvii. p. 177, 1928. 

2 Vou Hamos, Ann, d, Phys. vii. p. 857, 1930. 
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for a steady state in which the spark passes large currents with a 
potential difference of the order of 100 volts. For this to happen 
there must be a plentiful supply of electrons, and to keep the space- 
charge down there must be a nearly equal density of positive ions 
all along the spark. These will disappear by recombination and 
diff'usion, and to replace them there must be ionisation. Now the 
field will be far too small for any ionisation by collisions of the 
electrons, except perhaps quite close to the cathode. The most 
promising source of ionisation seems to be high temperature. 

In the spark illustrated in Fig. 212 the supply of energy during 
the 15 X 10“'^ sec. of the ‘step* phase was 8000 watts, the spark-gap 
3’8 mm., pressure 185 mm. We must guess the cross-section of the 
spark which eventually formed as it was not measured, but from 
photographs of other sparks we shall probably not be far wrong if 
we take it as 1 sq. mm. If we suppose that the bulk of the energy 
is concentrated in this cross-section it is easy to calculate the rise in 
temperature. Taking the specific heat as *24, it comes to 10,000® C. 
This is somewhat of an overestimate, for we have supposed the whole 
energy concentrated in the small region which eventually become.s 
the spark. At first the discharge is diffuse, but the photographs 
show that it concentrates itself during the j^criod of the step. It 
will clearly tend to do so, for once the temperature rises slightly at 
one place more current will pass there and the temperature rise 
still further. One might perhaps suppose that about half the energy 
passed in the region which finally became the spark. On the other 
hanfl the diminution of specific heat with temperature will increase 
the final temperature, though not in proportion, for the gas will not 
have time to expand into pressure equilibrium. 


The kinetic energy of a molecule at 10,000® C. is about 1J volts. 
This is becoming comparable with the ionisation potential of a gas, 
and still more so with that of the metallic vapours which are present 
in the spark, so that an appreciable fraction of the molecules will 


be ioni.sed. For example, for copper (F, 
i ikT ig g- 6-2 ^ 1/500 and a fraction of the 


= 7*8) the exponential 
atoms comparable with 


this will be ionised (see also Slepian, Electrical World, xci. p. 7G1, 


1928). 


Lawrence and Dunnington * have made observations on the 


I Lawrence and Dunnington, Phif.-i. Rev. .x.xxv. p. 39G, 1930. 
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early stages of sparks. From several lines of reasoning tliey esti¬ 
mate a temperature of the order of magnitude of 10,000° K. From 
the Stark effect broadening of the spectral lines they can calculate 
the average local field. If this is caused by the proximity of ions 
they must amount in number to a third of the molecules. 

The explosive character of the spark discharge is associated with 
a potential difference which decreases as the current increases. 

In the early stages of development of a spark this decrease is 
due partly to the greater efficiency with which ionisation takes place 
when the potential gradient at the cathode is increased by the 
space-charge. The increase of current due to this cause is limited 
and corresponds to the ^step’ in Tamm’s curves. Further increase 
depends on temperature ionisation. This is essentially unstable, 
for a rise in temperature by increasing the ionisation will increase 
the current for a given potential and so the heat dissipated. Once 
temperature ionisation begins the current will rise explosively. 


Lag with Points. 

With a point discharge the lag is much larger. Fig. 213 shows 
Burroway’s measurements for 30° cones. It refers to sparking; 
brush discharge sometimes occurred at lower voltages, Tamm has 
shown that when the breakdown does occur with points it comes 
with great suddenness and there is no ‘step.’ He estimates that to 
get a spark with the minimum voltage would take at least 10"® sec. 
When points are used, unless the over-voltage is very large, the 
field will only be strong enough to produce ionisation by collision 
in a very small region near the cathode. This region will not produce 
many ions until the positives have had time to come into action. 
Eventually it will become a very good conductor and the electrons 
from it will be driven towards the anode, heating the gas as they 
go. As each part of the field becomes a conductor the potential 
gradient in the rest will increase, and a time will come when it is 
large enough to break through the gas in the same way as for 
spherical electrodes. 
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General Similarity Relation. 

Towasend * has pointed out that an extension of Paschen’s law 
applies to all cases of discharge which depend on ionisation by 
collision, whatever the shape of the electrodes. If all the dimensions 
of an arrangement of two conductors are increased in a certain ratio 
k, then the discharge potential will be unaltered if the pressure is 
reduced in the same ratio. For when the potentials are equal the 
forces in the second case are reduced in the ratio of ; 1. But the 
number of ions produced by collision by an ion per cm. of path is 

—j . Here ^ is the same in the two cases and j) 
is inversely as the distance between corresponding points. Thus the 

I Townsend, The Electrician, Ixxi. p. 348, 1913. 
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number of ions produced between corresponding points is tbe same 
in the two cases, and if the conditions are such that a spark is on 
the point of passing in one case it will be so in the other. The rela¬ 
tion still holds, even if part of the ionisation is due to impact of ions 
on the electrodes, for the energy with which they strike depends 
only on Xjp, Again if electrons are produced by photo-electric 
action at the cathode their number will depend on the number of 
collisions leading to excitation, which may be written p<j> (Xjp) per 
cm. of path. Thus the radiation excited by each ion between 
corresponding points of its path is the same in both cases, and since 
the mass of gas between corresponding points and the cathode is also 
the same, the loss by absorption in the gas, if any, will be so too (see 


p. 598). The relation has been proved experimentally by Townsend 
and Edmunds ^ for wires and points, and by Tyndall^ for points. 


The Brush Discharge. 

If the dimensions of the electrodes are larger than, or even of 
the same order as, the distance between them, the first detectable 
discharge passes as a spark, though there may be a small pre¬ 
liminary readjustment of the ions normally present. When the 
electrodes are sharply curved so that the radius of curvature of 
some jiortion is much less than the distance, the first visible dis¬ 
charge takes the form of a glow or brush (Fig. 6, Plate V). For 
spherical conductors the critical distance depends on how the 
potential is applied. According to Topler^, the discharge is usually 
a spark (95 per cent, of cases) if the distance is less than eleven times 
the radius when the potential of the anode is as much above earth 
as that of the cathode is below it, but if the cathode is earthed the 
ratio is only 4, and for the anode earthed only 2*6. It used to be 
supposed that the first visible discharge between pointed electrodes 
was preceded by a dark discharge of essentially different type, but 
Zcleny 4 finds that although a current can be detected by a sensitive 
galvanometer before a discharge is visible there is no evidence of 

1 Townsend and Edmunds, Phil. Mag. xxvii. p. 789, 1914. Edmunds, Phil. 
Mag. xxviii. p. 234, 1914. 

2 'IVndal], Phil. Mag. xxx. p. 637, 1915. 

3 Topler, Elcktroiechn. Zeits. xxviii. p. 998, 1907. 

4 Zflcny, Phgs. Rev. xxiv. p. 255, 1924, from which the illustration of glow and 
brush disc))arge is taken. 
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any discontinuity wlien the discharge is first seen. When the point 
is positive the first discharge is a glow (Plate V) over the sharply 
curved portion, if it is negative a brush is formed which starts from 
a single point. There is a small dark space *02 to -03 mm., visible 
even at atmospheric pressure, between the brush and the cathode. 
If the pressure is reduced it can be seen that this corresponds to the 
Faraday dark space, for a ‘negative glow’ appears which in turn is 
separated from the cathode by a narrow Crookes dark space. If the 
other electrode is a plate or large sphere no luminosity is visible on 
it for small currents. If both electrodes are points each develops its 
characteristic luminosity. Zeleny could detect the light from a 
negative point down to a current of 2 x 10“® ampere. 

The current and potential increase together both in the glow and 
brush; after a certain point the positive glow turns into a brush 
like the negative but usually rather longer. This change is associated 
with a drop in potential, but further increase of current requires 
the potential to increase again as in the negative brush. As the 
potential increases the brushes lengthen and assume the appearance 
of a number of fine sparks branching out from the electrode. 
Further increase of potential causes a brush to approximate to a 
spark, the number of branches decreasing and each becoming 
brighter. At about the time when the brush reaches to the other 
conductor, or when the brushes meet, if both conductors are 
pointed, there is a sudden rush of current and a true spark passes. 
The potential now falls to a value which is usually determined by 
the resistance of the rest of the circuit. If the potential is kept high 
the current increases indefinitely and the discharge passes over into 
an arc. In the spark discharge increase of current is associated with 
decrease of potential. 

The current potential characteristics were first studied by 
Topler^. Figs. 214, 215 show them diagrammatically. The regions 
of passage from one type of discharge to another are jjlaces of in¬ 
stability, their extent depends on the capacity of the system. If 
this is very small it is possible to pass from one form of discharge to 
the next almost continuously, but with a large capacity the regions 
of instability, shown shaded in the figures, get very broad. Thus a 

I Topler, Ann. d. Pkys. vii. p, 477, 1902. 
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brush may be made to change into a spark by adding capacity 
across the electrodes. 


Positive discharge 



In the glow and brush discharges the region of intense ionisation 
is limited to the pointed electrodes where the electric intensity is 
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large. This does not preclude the possibility, in the case of a positive 
point, of a release of electrons from the cathode by radiation or the 
action of positive ions, but although these electrons may play an 
important part in the mechanism of the discharge, the bulk of the 
current in the non-luminous region will be carried by ions of one sign. 


Analogous changes in the discharge take place if we replace the 
point by a thin incandescent platinum wire coated with Hme, and 
in this case the distribution of the electric force is much more 
easily studied than with the point, as the changes take place with 
much smaller potential differences. I have been able in this way to 
study the gradual transition of the discharge from the first appearance 
of the anode glow to the development of the luminosity round the 
cathode. It is possible to get in this way an intermediate stage in 
which the discharge presents the appearance shown in Fig. 21G. 


CATHODE 


c 


ANOO£ 



Here there is a crescent-shaped luminous patch between the anode 
and the cathode; the measurement of the electric force between the 
electrodes shows that the free electricity has produced the distri¬ 
bution represented by the lower curve in Fig. 216, the electric force 
having a maximum value at the luminous crescent; thus in this 
region the electric force due to the free electricity has risen to the 
value at which luminosity and ionisation set in, j^roducing the 
isolated luminous meniscus. As the current is increased this meniscus 
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approaches the cathode; when it arrives at a short distance from it, 
the change to the form in which there is a great development of 
negative glow sets in, and there is a great change in the appearance 
of the discharge and in the distribution of the electric field. 

The ionisation in the patch in Fig. 216 makes this portion of 
the gas act as an anode, and the free electricity due to the ions 
coming from it may cause the electric field between it and the 
cathode to rise again to a value when ionisation sets in, producing 
a second isolated luminous meniscus. In this way we may get 

a succession of striations causing the discharge to resemble that 
shown in Fig. 217. 

Chattock (Vol. i. p. 121) has shown that the mobility of ions 
from a discharging point is the same as that of the ions produced 
by Rontgen or Becquerel ra^^s, and Townsend (Vol. r. p. 76) 
has shown tiiat the charge on the ions is also the same. If the 
point is placed at right angles to a large metal plane, then for 
electricity to stream from the j)oiHt the potential of the point 
must exceed that of the i^lane by an amount called by v. Rontgen* 
the 'minimum potentiar; this minimum potential depends upon 
the sharpness of the point, the pressure and nature of the gas and 
the sign of the electrification of the point, being less if the point 
is negatively than if it is positively electrified. According to War¬ 
burg^, the minimum potential docs not depend upon the distance 
of the point from the jilane; Sieveking-3 found that this was only 
true when the distance between the point and the plane was 
considerable, for short distances the minimum potential increased 
rajudly with the distance. When the potential difference between 
the point and the plane exceeds the "minimum potential’ a current 
of electricity passes from the point to the plane; the magnitude of 
this current for a given potential difference between the point and 
the plane rapidly diminishes as the distance from the plane in¬ 
creases. Warburg (loc. cit.) has shown that if d is the shortest 
distance between the point and the 2 >lane, then for a given dif¬ 
ference of i^otential the current is proportional to this law 

holds whatever be the sharpness of the point. 

1 V. Koiitgen, OoUinger ynch. j). 390, 1878. 

2 Warburg, Wied. Anv. Ixvii. p. 69, 1899. 

3 fticvcking, d. Phys. i. p. 299, 1900. 
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Value of the Minimum Potential, 

This depends upon the sharpness of the point but we can com¬ 
pare the values of this quantity for the same point imder difierent 
circumstances. The following table gives the value for the mini¬ 
mum potential with the same point at different pressures as 
determined by Tamm^: 


1 

I Pressure in cm. of mercury 

I 

Point — 

4 

Point + 

76 

2140 volts 

3760 volts 

70 

2135 „ 

3755 „ 

60 

2105 „ 

3705 „ 

50 

2035 „ 

3585 „ 

40 

1905 „ 

3350 „ 

30 

1690 „ 

2970 „ 

20 

1360 „ 

2390 

10 

910 „ 

1 

1580 „ 


Thus the change in the minimum potential with the pressure 
is very slow when the pressures are high but becomes much faster 
at lower pressures; this is in agreement with Sieveking’s result for 
the change with distance and the similarity relation. 

The ratio of the minimum potential for positive and negative 
points is approximately the same at all pressures. Observations 
of the minimum potential in different gases have been made by 
v. Rontgen^ and byPrecht^; the results of their observations are 


Gas 

Minimum potential, point + 

1 

1 Minimum potential, pressure 

760 mm. 

Pressure205mm. , 

Pressure 110 mm. 

Point + 

Point — 


1 

1296 volts 

1174 

volts 

1 2125 volts 

1 

1550 volts 

o. 

2402 „ 

1975 

I 

2800 „ 

2350 „ 

CO 

2634 „ 

2100 

9 9 



CH 4 

2777 „ 

2317 




NO 

3188 „ ; 

2543 

^ w 

9 9 



CO 2 

3287 „ j 

2655 

9 y 

3475 

2100 „ 

Ng i 

* 

1 



2600 „ 

2000 „ 

Air 




2750 „ 

2050 „ 


1 Tamm, Ann. d. Phys, vi. p. 259, 1901. 

2 V. Rontgen, GoUitujer Nach, p. 390, 1878. 

3 Precht, Wied, Ann. xlix. p. 150, 1893. 
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given in the above table, the numbers in the first two columns being 
due to V. Rontgen, those in the third and fourth to Precht. 

Gorton and Warburg^ give the following values for M the 
minimum potential of the same point in different gases. 


Gas 

Pressure 760 mm. 

j Pressure 485 mm. 


+ J/ 

~ M 

1 

! -f- J/ , 

- M i 

1 

il 

+ J/ 

^ - M 

1 

+ 21 
-21 

Ho 

n: j 
Oo ' 

Air 

Ch 

J^r., 

I., “ 

1370 

1930 

2550 

2250 

2680 

( 

1140 
1400 
1050 i 
1600 
1900 

1 

1 

1 

1-20 

1-36 

1-31 

1-35 

1-41 

1120 

1630 

1 

1030 ; 

2400 
2500 
2620 

) 

1000 

1200 

1500 

1660 

1700 

1870 

M2 

1-36 

1-29 

1-45 

1-47 

1-40 


Ewers ^ has shown that if is the minimum potential at the 
pressure that at the pressure p^, then 

- C = {Mj, - C) J ^, 

' Vh 

where C is independent of the pressure. 

Zeleny3 has experimented with ‘points’ the size of which could 
1)6 measured. He used a wire with a hemispherical end and measured 
the discharge from it to a plate. In some cases he also used wires of 
which the ends had been cut off square. These gave rather smaller 
discharge potentials, as might be expected from the more intense 
field which occurs near the sharp edge. There was a tendency for 
the discharge to become intermittent, especially when the point 
was negative and of largo diameter or near the plate. Except for 
some of tlie larger points above *7 mm. in diameter the minimum 
potential was given by a formula of the form M = n V"d + 6, where 
d is the diameter in millimetres. For points with hemispherical 
(uids 1*5 cm. from the plate, a = 5340, h = 675 for the positive 
discharge and a — 6400, 6 = 90 for the negative discharge. For 
d = -5 mm. the discharge goes more easily from the positive points. 

1 Gorton und Wa^hu^^^ A/in. d. Phi/a. xviii. p, 128, 1905. 

2 Kwfitf, Ann. d. Phtj.s. xvii. p. 781, 1905. 

3 Zeleiu', Phi/s. l^ev. xxv. p. 305, 1907, 
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Townsend and Edmunds * have confirmed this and showed that 
there is a critical value of the product jpd above which the positive 
discharge is easier. They also find that the value of d at atmospheric 
pressure is about *5 mm. 

Sen sitive PoinIs . 

In many cases there is a great lag in the discharge from points. 
A point can be raised to a high potential before the discharge will 
begin, and when the discharge is once running the potential can be 
decreased below the starting value before the current ceases. Often 
it does so abruptly. As a rule it is points with a very smooth surface 
which show the effect and Zeleny^ finds it strongly marked with 
points of acidulated water and other liquids. A point can often 
be put into this state by heating in a flame. Zeleny3 considers 
that a skin is formed which prevents the ions from discharging to 
the point. In this state the point is very sensitive to ionisation 
produced by external sources in the air around, and this fact has 
been used in detecting individual a-rays (see p. 176). Zeleny^ 
makes the sensitive points by grinding sewing needles to a fine 
point and then holding them for an instant in an alcohol flame. The 
effects occur for both the positive and the negative discharge, but 
the former is best for counting purposes. In a certain range of 
applied voltage A — B each a-particle produces a momentary dis¬ 
charge. Above B the discharge is continuous and can only be broken 
by lowering the potential to a value C between A and B. In one 
case A, By C were respectively^ 1730, 1875 and 1820 volts, Zeleny 
considers that the discharge which occurs without radium requires 
an a-particle Trom some radioactive impurity, and that the lag 
observed represents the time which may have to elapse before one 
occurs in a suitable place. The lag diminishes rapidly as the 
potential increases. 

Co)tnection bctireen Potential Difference and Current, 

Warburg {loc. cit,) found that using the same point and keeping 
it at the same distance from the plate, the relation between the 
current i and the potential V can be expressed by the relation 

i = aV {V - M)y 

1 Townscntl and Edmuneb^, Phil. Matj. xxvii. p. 789, 1914. 

2 Zc'leny. Phijft. Rev. .xvi. p, 102, 1920. 

4 Zeleny, Phys. Rev. xix. p. 566, 1922. 


3 Ih. 
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where M is the minimum potential. Sieveking^ considered that 
the linear relation i = h (F — M) represented his experiments with 
sufficient accuracy. In a paper by Tamm^ this question is dis¬ 
cussed, and a formula of the type of Warburg shown to give 
better agreement: in place of the minimum potential M Tamm 
writes J (il/j + J/g), where is the potential at which the dis¬ 
charge begins when the potential is gradually increased, that at 
which it leaves off when it is gradually lowered; the two are not 
identical, the latter being the smaller. The application of the formula 

in this form is limited to potential differences considerably greater 
than M. 

Zeleny found that a formula of Warburg’s form fitted his experi¬ 
ments in the case of positive discharges. The negative discharges 
could not be made to give consistent results. He foimd that the 
constant a in the formula could be expressed as a' (1 + 6d), where d 
is the diameter of the point, a' and b varied with the distance of the 
plate and the shape of the point as shown in the table. 



X 10^® amps. 

b 

Plato 1 cm. away, hemispherical end to wire 

405 

-135 

,, 15 cm. ,, ,, ,, 

2-58 

•110 

,, 15 cm. ,, plane end to wire 

2-60 

•30 


Ewers 3 found that for the monatomic gases helium and argon, 
at all temperatures and pressures, 

= aV + b. 

Frl. Finkelstoin-Cukier4 finds that a modified Warburg formula 
/ = a (V ~ Jll) {T’+ b)^ holds for a number of gases when points 
are used with clear-cut conical ends. 

The current with the same potential difference increases as the 
pressure diminishes; this is shown by the following results due to 
Tamm (loc. cit.). (See Tables, p. 541.) 

It will be noticed that the current with the point positive is 
always less than that with the point negative, the potential dif¬ 
ference being the same in the two cases. The increase of the current 

1 Sieveking, Ann. d. Phys. i. p. 290, 1900. 

2 Tamm, Ann. d. Phys. vi. p. 259, 1901. 

3 Ewers, Ann. d. Phys. xvii. p. 781, 1905. 

4 J. Finkelstcin-Cukier, Ann. d. Phys. Ixxi. p. 509, 1923, 
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as the pressure diminishes is more rapid at small pressures than 
at high pressures; for the latter the current seems to be roughly 
proportional to the reciprocal of the pressure, while at low pressures 
it varies as the square of this quantity. 


Tamm gives as the relation between ig. the current at a pressure 
of X centimetres, and the current at 76 cm. pressure, the potential 
difference being V in both cases, the empirical equation 



Current in micro-amperes. 


1 Potential difference... 

1 

\ Pressure in cm. of Hg. 

\ 

- 4000 

- 6000 

- 8000 

- 10,000 

76 

1-4 

4-2 

8-0 

13-4 

70 

1*6 

4-6 

8-6 

14-5 

60 

2-0 

5-7 

10-5 

17-6 

50 

2*6 

7-8 

13-7 

22-8 

40 

3-7 

11-3 

20-4 

33-7 


6-8 

19-5 

35 3 

58-0 

20 

1 1 

14*6 

44-7 

80-9 

1 

134-2 


Potential difference... 

Pressure in cm. of Hg 

+ 4000 

1 

+ 6000 

+ 8000 

+ 10,000 

76 

0-7 1 

2-1 

4-8 

9-3 

70 ; 

0-8 

2-3 

5-1 

10-1 

60 

1-0 

2-8 

6-3 

12-3 

50 

1-3 

3-8 

8-2 

16-0 

40 

1-9 

5 6 

12-3 

23-5 

30 

3-3 

9-7 

21-1 

40-4 

20 

7-3 

22-4 

48-0 

930 


Assuming that the theory on p. 555 is roughly applicable to the 
point discharge we notice that i is proportional to k, and since 
k is inversely proportional to the pressure, the current should 
vary inversely as the pressure when the potential difference is large; 
a reference to the table will show that although this is approxi¬ 
mately true at high pressures, it ceases to be an approximation to 
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the truth when the pressure is low, when the current varies more 
nearly as the inverse square of the pressure. At low pressures and 
with large currents the discharge is accompanied by luminosity 
right up to the plate; an example of this is shown in Fig. 217, taken 
from a paper by v. Obermayer^; the appearance presented by the 


Fig. 217. 

discharge suggests that ionisation is taking place at the plate as 
well as at the point, in which case ions of both signs would be 
present between the plate and the point, and our investigation, 
which is founded on the supposition that the current is carried 
entirely by ions of one sign, would not apply. Even at atmospheric 
pressure there is evidence in some cases of the presence of ions 
of opposite sign to that of the electrification of the discharging 
point; thus C. T. R. Wilson ^ notices a case in which when a positive 
point was discharging into his expansion apparatus an expansion 
which was sufficient to bring down negative but not positive ions 
produced a cloud, showing that negative ions were present; a 
similar efi'ect has also been observed by N. R. Campbell 3. 

We know that rays are given out from a spark (Entladung- 
strahlen) which can ionise a gas; some rays are thus given out 

point, and 

these rays may in certain cases help to produce appreciable ionisa- 

1 V. Obermayer, H'l'cn. Sitzungsberichte, c. p. 127, 1891. 

2 C. T. R. Wilson, Phil. Trans, cxcii. p. 403, 1899. 

3 Campbell, Phil. Mag. (6), vi. p. 618, 1903. 


from the small spark at the end of the discharging 
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tion at a considerable distance from the point. The discharge 
from a point seems to possess very considerable actinic power*. 

AVood^ has shown that sparhs at low pressure between small 
platinum spheres 1’5 mm. diameter are a very powerful source of 
X-rays when a large spark-gap is connected in series. Under 
certain conditions intensely luminous streams come from the 
anode, apparently consisting of small particles of platinum. 

Warburg 3 has shown that the presence of minute traces of 
o^cygen in gases such as hydrogen or nitrogen produces a great 
diminution in the current from a negative point while it has but 
little effect on that from a positive one; thus the removal of a trace 
of oxygen from nitrogen increased the current from a negative 
point in that gsis fifty times; this is explained by the tendency of 
electrons to attach themselves to the oxygen molecules which makes 

them less efficient as ionisers and move more slowly in the electric 
field. 

Warburg 4 has investigated the proportion of current received 
at different portions of the plane opposite the electrified point; he 
finds that the amount received per imit area at a point Q on the 
plane is proportional to cos”* 0, where 6 is the angle QPO, P being 
the electrified point and O the normal from P on the plane, the 
electrified conductor is supposed to be at right angles to the plane; 
he finds that w for a negatively electrified point is equal to 4*65, 
for a positively electrified point 4-82, and that it is independent of 
the sharpness of the point. 

The condition of a point from which electricity is discharging 
seems to suffer some modification as the discharge goes on, and 
this gives rise to variations in the current: PrechtS found that a 
point from which positive electricity had been discharged some¬ 
times got hollowed out into a kind of crater, as if some of the metal 
had been torn away; he found that a negatively electrified point did 

not suffer any change of shape. Zeleny also found changes in his 
points after use. 

1 Cook, Phil. Mag. (5), xlvii. p. 40, 18U9. Leduc, Pclair. iSlectr, xxi. p. 144 1899 

2 R. W. Wood, Pkys. Rev. v. p. 1, 1897. 

3 Warburg, Ann. d. Phya. ii. p. 295, 1900. 

4 Warburg, Wied. Ann. Ixvii. p. 09, 1899. 

5 Precht, Wied. Ann. xlix. p. 150, 1893. 
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The Electrical Wind. 


The current of electrified ions which constitutes the discharge 
from the point sets the air in the neighbourhood in motion. For 
when the ions have settled down into the state in which their 
velocity is proportional to the electric force acting upon them, 
the mechanical force acting upon them is transferred to the air 
through which they are moving, this gives rise to currents of air 
directed from the point, and these air currents are what is known 
as the ‘electrical wind.^ This motion of the air forwards is accom¬ 
panied by a reaction on the point, tending to drive it backwards. 
This reaction has been measured by Arrhenius who finds that 
when positive electricity is escaping from a point into air the 
reaction tending to drive the point backwards is, when the current 
is kept constant, proportional to the pressure of the gas, and for 
difierent gases (air, hydrogen, and carbonic acid) at the same 
pressure varies as the square root of the molecular weight of the 
gas. The reaction when an equal current of negative electricity is 
escaping from the point is much less, the proportion between the 
two depending on the pressure of the gas; thus in air at a pressure 
of 70 cm. the reaction on the positive point was 1*9 times that of the 
negative, at 40 cm. 2*6 times, at 20 cm. 3-2 times, at 10-3 cm. 

7 times, and at 5-1 cm. 15 times the reaction of the negative point. 
The reaction on the discharging point is due to the repulsion be¬ 
tween the electrified point and the ions carrying the discharge; we 
can easily calculate this force. Suppose that the needle from which 
the electricity is discharged points in the direction of the axis of 2 : 
let p be the density of the ions at any part of the field, Z the electric 
force at the same point, then F, the force parallel to z acting on the 


ions, is equal to 


mZpdxdydz\ 


but if XV is the velocity of the ion parallel to 2 , xv = A*Z, where h is 
the velocity of the ion under unit electric force. Substituting this 
value for Z we get 



but if i is the current 


i = llwpdxdy. 


I Arrhenius, Wicd. Ann. Ixiii. p. 305, 1897. 



545 


SPARK DISCHARGE 

hence if k is constant throughout the field 

.(1). 

where the integration is from the point to the other electrode. 

The force on the ions is exerted by the charges in the field, 
and there will be a reaction on the charged bodies equal to F. Of 
this reaction a constant fraction F' depending on the geometry of 
the system will be exerted on the point. For a constant current F' 
varies inversely as k, this conclusion agrees when the point is 
positively electrified with the results of Arrhenius’s experiments. 
For let us first consider the efiects of pressure; k varies inversely 
as the pressure, hence F' should be directly proportional to the 
pressure, and this is in agreement with Arrhenius’s result. Next 
consider the reaction of different gases; if we refer to the values 
given in Vol. i. p. 132, we see that the velocities of the ions 
under unit electric force are roughly inversely proportional to the 
square roots of the densities of the gases, hence F' should be 
approximately directly proportional to the square roots of these 
densities. Since the velocity of the negative ion is greater than 
that of the positive, the reaction on the negative point should 
be less than that on the positive; the ratio of the reaction on the 
positive point to that on the negative is, however, much greater 
than the ratio of the velocity of the negative ion to that of the 
positive. It is probable, however, tliat at the lower pressures the 
negative ion remains an electron for a considerable time, and so has 
an abnormal mobility. Franck (Vol. i. p. 97) found abnormally high 
mobilities for the freshly formed ions in the discharge from a fine 
wire. The use of the electrical wind in the measurement of ionic 
mobilities is described in Vol. i. p. 119. 


L)ischaryc frotn a Point whose Flectrijicalion 

chan(jing Sign. 



rapidhj 


If a point is charged up to a high and rapidly alternating 
potential, .such as can be produced by the electrical oscillations 
started when a Leyden jar is discharged, then in hydrogen, nitrogen, 
ammonia, and carbonic acid gas, a conductor placed near the point 

TC t II 


35 
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gets a negative, while in air and oxygen it gets a positive charge^. 
Himstedt^ has shown that the distribution of electrification in these 
gases differs only in degree; he finds that in air and oxygen, although 
the electrification is positive near the point, yet it changes sign as we 
recede from it and ultimately becomes negative; while in hydrogen 
and the other gases mentioned above we get positive electrification 
if we go close up to the point. The difference between the gases is 
that m air the place where the electrification changes sign is some 
distance from the point, while in hydrogen it is close up to it. This 
outer zone of negative electrification is what we should expect from 
the greater velocity of the negative ions, for under an alternating 
electric field the amphtude of the path of the faster ions would be 
greater than that of the slower, and thus at a distance from the 
point greater than the amplitude of the slower ions there would be 
nothing but negative electricity. The determination of the distance 
at which the electrification changes sign would be a very compli¬ 
cated investigation, as it would involve in addition to the relative 
velocities of the 2 >ositive and negative ions the difference in the 
values of the current proceeding from the point according as it is 
positively or negatively electrified, as well as the difference in the 
minimum potential at which the discharge begins. 


Theory of the Discharge fro7n Fine Points. 

We may suj^pose that the escape of electricity from a sharp 
point occurs in the following way. When the electric field at the 
point reaches a certain intensity a short spark passes from the point 
to tlie air a little distance away, along the path of this spark ions 
are produced, positive as well as negative; if the point is j^ositively 
electrified the j)ositive ions are driven out from this region into the 
surrounding gas and under the influence of the electric field find 
their way to the metal plate to which the point is discharging; 
if the point is negatively electrified it is the negative ions which 
are driven to the plate, and which carry the electricity which is 
discharging from the ^joint. 

Let us apply these considerations to explain some of the features 

1 Harvoy and Hird, Phil. Mag. (5), xxxvi. p. 45. 1893. Hiinstedt, Il'/et/. Ann. 
lii. p. 473, 1894. J. J. Thomson, P/iil. Mag. (5), xl. p. 511, 1895. 

2 Himstedt, Wicd. Ann. Ixviii. p. 294, 1899. 
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of the discharge. We shall first consider the strength of the field 

required to produce the small spark from the point, when the latter 
is so fine that its radius of cur¬ 
vature is less than the critical 
spark length. 

The relation between the 
potential dift’erence required to 
produce a spark and the spark 
length is (see p. 481) repre¬ 
sented by a curve similar to a, 

Fig. 218, where the ordinates 
represent the spark potential 
and the abscissce the spark 
length. Let us suppose that 

the point is equivalent in its electrical efiect to a small sphere 
of radius a; thus if V is the potential of the sphere the potential 
difference between the sphere and a point at a distance x from its 

surface is V Let the equation to the curve (Fig. 218) be 

T7 ^ 

^ ~ ^ a X ’ curve ^ intersects the curve a a spark will 

pass from the ijoint, if the curves do not intersect no spark will pass, 
the smallest value of V which will produce a spark is when the 
corres 2 >ondiug curve ^ just touches the curve a. Now when a is very 
small ff ///dx for ^ is very small compared with i/jx, but for the curve 
a it is only in the neighbourhood of the minimum spark potential 
that this is the case, hence we conclude that when touches a it does 
so close to Ay the point corresponding to the critical spark length Xq 
and to Vq the minimum potential difference required to produce a 
spark; hence we have approximately 



•0 


ct H- Xq 


= V 


0 > 


= 3 


Vo here is the value of the minimum potential required to produce 
a spark; we see that V diminishes as a diminishes, t,e. the sharper 
the point the smaller the discharge potential; it also diminishes as 
the critical spark length increases, and as the critical spark length 


35-3 
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is greater at low pressure tliaii at liigh. tiie ininimurQ potential will 
diminish as the pressure diminishes. 

For points whose radius is larger than the minimum sparking 
distance (about *007 mm. at atmospheric pressure) the above theory 
may be modified as follows. When a is large compared with x^j 
dyjdx for the curve p aX x = x^is nearly as large as yjx and so the 
curves cannot touch at this point, but they can touch at a larger 
value of a; if ^ is drawn to a suitable scale. In this region a is 
nearly straight and we can write its equation y = cx + d. AVhen 
the curves touch 

Vxj{a + x) = cx + d and aVj{a + xY = c. 

These give x = Vadfc and the field X at the point is 

Vja = c (a + xY/a^ = c + 2 Vcdja + dja. 

For points of the order *02 to *05 cm., x is of the order of a quarter 
of a millimetre, in this region the nearest straight line to Orgler’s 
results gives c = 130, d = 2*3. From the similarity relation Xa is a 
function of ap and we may write 

Xa = 2*3 + *171 ap 4- 1*25 's/ap, 
where p is in millimetres of mercury. 

Measurements of the critical field at a discharging point have 
been made by Chattock and Tyndall^ and by TyndalP. The 
earlier measurements gave Xa^'^ = 85 in e.s.u. for a positive point 
with hemispherical end of radius a cm.; the latter are shown in 
Fig. 219 compared with the above theoretical expression and also 
with one deduced by Edmmids3 who treated the point as a 
paraboloid of revolution. The latter found that his theory gave 
fair agreement with the potentials which he observed, but a theory 
of this type cannot of course predict the difference between 
the potentials for positive and negative discharges. Tyndall foimd 
that the field at the end of a point giving a positive discharge did 
not vary much \vith the current. When the point had a negative 
charge the field diminished as the current increased. The fields 
were found by measuring the reaction on the point when the 
potential was applied. 

1 Cbattock and Tyndall, Phil. Mag. xx. p. 285, 1910. 

2 Tyndall, Phil. Mag. xxx. p. 637, 1915. 

3 Edmunds, Phil. Mag. xxviii. p. 234, 1914. 



SPARK BISCHARGE 


549 

Zeleny * has determined the field at a liquid point by finding the 
change in pressure required to hold the meniscus in place when the 
potential is applied. As liquid points are ‘sensitive’ the field for 



very small currents cannot be found, the discharge starting sud- 
denly with a finite currefnt. It was possible, however, to determine 
the field at which positive discharge just ceased as the potential 
was reduced. With negative discharges the surface of the drop was 
generally agitated, the discharge being intermittent. Zeleny con¬ 
cluded that the fields he found were in fairly good agreement with 
those found by Tyndall for metal points. 

The Corona Discharge. 

The discharge from a fine wire, the so-called ‘corona discharge,’ 
has been much studied in recent years, partly on account of its 
practical importance in connection with power losses from high 
tension transmission systems. To make conditions definite the dis¬ 
charge in the experiments usually takes place to a large concentric 

I Zeleny, Phya. Rev. xvi. p. 102, 1920. 
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cylinder. As the potential difEerence is gradually increased no 
current passes until a certain potential is reached. Some experi¬ 
menters find no difference between this voltage and that at which 
a visible discharge passes, others find that the potential must be 
further raised for a glow to appear round the wire, which at still 
greater potentials changes to a brush. In general the visible 
discharge takes the form of a glow if the wire is fine and the 
surrounding cylinder large, but is a spark if the reverse is the case, 
or if the pressure is low. In the case of a negative wire the discharge 
is rather irregular and often concentrates at certain points, forming 
beads. Crooker^ has shown that this does not happen so readily 
on a steel wire which has been corroded. Farwell^ finds that 
the beads are most marked at low pressures, as the pressure in¬ 
creases they often form a more or less continuous sheath. On the 
other hand increasing the current or voltage tends to break the 
sheath up into isolated brushes which increase in number with the 
voltage. At low pressures increasing the voltage may turn the 
discharge into one of the ordinary vacuum tube type over a part 
of the wire 3. 


Critical Force. 

The value of the electric intensity at the surface of the wire when 
the discharge begins depends on the diameter of the wire and on 
the pressure. Townsend and Edmunds 4 and others3»5.6 shown 

that the starting potential is less for a positive discharge than for a 
negative when the product of pressure and radius a of the wire is 
more than a critical value, in other cases it is less for a negative 
discharge. If p is measured in mm. of mercury and a in cms. the 
critical value of ap is of the order unity. AVatson7 found that wth 
an alternating current the discharge started at the same maximum 
voltage as would produce a discharge if itweresteadj^ but Whitehead 

found that with increasing frequency the discharge tended to occur 
at lower voltages. 

1 Crookcr, Phys. liev. viii. p. 344. 191(>, 

2 Farwel], Phys. Pcv. iv. p. 31, 1914. 

3 Mackenzie, Phys. Per. v, p. 294, 1915. 

4 Townsend and Edmunds. Phil. Mag. xxvii. p. 789, 1914. 

5 Schaffers, Phys. Zeits. xiv, p. 981, 1013. 

6 Whiteliea<i, Dielectric Phenomena (Bonn, 1927). 

7 Watson, 'Phe Electrician, Ixiv. Feb. 11, 1910. 
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If a, h are the radii of the wire and cylinder, the electric force at 
the surface of the wire before the discharge starts is y/alog6/a, 
where V is the potential difference required to produce a discharge. 
It was early found that the force was independent of h if this was 
fairly large. Thus here we have a type of discharge, like that from 
a point, in which all the ionisation occurs near the sharply curved 
electrode and the current in the rest of the field is carried by ions all 
of one sign. 

The variation of the critical force with the radius of the wire 
and the pressure has been investigated among others by Watson^, 
Peek^, Whitehead 3, Townsend and Edmunds4 and MeserveyS, the 
last at low pressures. Townsend and Edmunds showed that, in 
accordance with the theorem on p. 531, aX. was a function of 
where X is the force at the surface of the wire and the pressure, 
provided bp was large enough. 


Townsend has shown that Watson’s results for air are well 

9 

represented by the expression = 30 -f- -y=. . This expression can 

V a 

be derived by the method used above, p. 547, as follows. The potential 

at a distance x from the surface of the wire is 2a lo<? - - + constant. 

° a 

where a is the charge per unit length of the wire. Hence if a spark 
passes over the distance x, 2a log -= cx + d. If cr is the least 

CL 

charge for which this occurs the curves corresponding to a and yS 
(Fig. 218) must touch. Hence c = - , therefore 

a 4 - X 


c (a -t- x) log (1 H- x/a) — cx d. 

If X < a we can expand the logarithm, and taking the first two 
terms we find x = ^2adlc. Thus the force at the wire X is 


{a + X-) = c + ^2dcja. 

1 Watson, loc. cit. 

2 Pfek, Dielectric Phenomena (Mt'Graw Hill). 

3 AVhiteheacI, loc. cit. 

4 Townsend and Edmunds, loc. cit. 

5 Mcscrvey, Phil. Mtuj. xxi. p. 479, 1911. 
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The values of a: for the cases we have to consider are of the order of 
2 mm. and for this distance Bailie’s results give c = 30, d = 1-5, in 

kilovolts. Thus jr = 30 Whitehead* gives 30-5 + ^ as 


the mean of the results of a number of experimenters. 

At lowpressures (of the orderof 1mm.) Meservey^ has shown that 
he curve of discharge potential against pressure has a well-marked 
minimum as in Carr’s experiments. For these pressures the dis¬ 
charge potential with the wire negative is much less than with it 
positive. In these cases the diameter of the outer cylinder becomes 
important and ionisation occurs throughout the whole volume. 


Variation of Current with Voltage. 

When the discharge is of the form of a brush or glow the current 
IS at first small and to increase it the voltage must be raised above 
the starting value, thus the case differs from that of a spark where 
less current is required to maintain even a large current than to 
start the spark. We should expect the voltage to increase with the 
current if during part of the discharge the current is carried by ions 
of only one sign, as these will form a volume charge which will 
exert forces tending to stop the motion of the ions but not large 
enough to produce ionisation by collision. In the case of the spark 
we have supposed that the presence of numbers of ions assists the 
discharge by enabling the potential fall to be distributed unevenly, 
so that ionisation by collision can occur at the places where it is 
required. Another effect tending to make the potential decrease 
as the current in a spark increases, is the local heating effect 
which reduces the density of the gas through which the spark is 
passing, and produces thermal ionisation. This accounts for the 
action of increased capacity in favouring a spark discharge as 
compared with a brush. 

Almy3 found that the current was proportional to V (F — J/), 
a similar expression to that found by AVarburg for points. He 
worked with hydrogen and air and concluded that, when the radius 

1 Whitehead, loc. cit. 

2 aVfeservey, loc. cit. 

3 Almy, American Journal of Science (4), xii. p. 175 , 1902. 
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of the outer cylinder was changed, the current was inversely as the 
cube of this quantity. Measurements have also been made for air 
by Schaffers^. M atson {loc, cit.) has measured the currents from a 
wire *7 mm. diameter in a cylinder 20 cm. (8 inches) diameter. His 
results are shown in Fig. 220, 



Fijr. 220. 

The ordinates are tlie values of the field at the surface of the 
wire neglecting the change due to the current, i.c. Vj{a log hja) in 
kilovolts per cm. Here again the current is roughly proportional 

to 1 {V — M). This relation can be derived theoretically as follows. 


delation between the Current from a Wire and the Potential Dif¬ 
ference hetiveen the Wire and the Cylinder to which it discharges. 

Let us take a point on the wire as the origin for polar co-ordinates 
and let r be the distance of a point in the gas from the wire, R the 
electric force at this point and p the density of the electrification, 
then we have 


= 4:7Tpr 



M hen we get beyond the region of the glow the discharge will be 


I Schaffers, Phy>t. Zeits. xv. p. 405, 1914. 
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carried by ions of one sign, hence if ^ is the current per unit length 
of the wire, w the velocity of the ions, we have 

i = ^TTTUpl 

but u = kR, where k is the velocity of the ion under unit force, 
hence we have from equation (1) 

(Rr) = . 

dr ' kR 

Integrating this equation, we get 


{RrY 


( 2 ), 


where C is a constant. To determine C, let be the smallest value 
of r, for which the ions are all of one sign; when r = R will be 
comparable with the electric force required to produce a spark; 
thus R will at atmospheric pressure be greater than 10^ in electro¬ 
static units; in these units Jc for air at this pressure is 450. In 
Watson’s experiments i is of the order 3 x lO"’ amp. per cm. ~ 10^ 

E.s.u. per cm., the radius of the gloAv is a few millimetres for 
moderate currents, thus when r = r^, (Rr^)^ ~ 10^ while *4 

and so IS negligible. Hence C = where R^ is about 100 E.s.u. 

If V is the potential at the distance ?* from the wire, we have 
from (2) 

dV 1 


dr 


r 


2 / ^ 


integrating this equation we find, if V’ is the potential difierence 

between the cylinder and the point near the wire where the current 

begins to be carried by ions of one sign, and b is the radius of the 
cylinder, 

<2i n (oy '^b^ + cl'-Ci 

- U- ~ IF + i 


(k 


r b^+C 




{i- 

\*-Ci 


-■ + Ci 
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Expanding in powers of i we find 

V = VO [log 6/r„ +^(b^- ^ (b* - V)] . 

Now ib^l2kC for Watson’s experiments is always less than 
unity, so that the third term can be neglected and 

F' = VC log 6/ro + iby2kVC 

approximately. The second term represents the increased potential 
in this part of the field due to the current. It is a reasonable assump¬ 
tion that the potential in the other part of the field, where the glow 
occurs, does not vary much with the current or with the value of 6. 
Hence we can write approximately 

F = M + ib^l2k VC, 

where M is the total potential for i = 0. It remains to determine C, 
When i = 0 the distribution is electrostatic, Rr is a constant, 

namely il//(log 6/a), and this is therefore the value of V C. When the 
current passes the glow increases with i and since Rq presumably 

does not vary rapidly one may expect "VC = RqTq to increase. 
There appear to be few measurements of the variations of the size 
of the visible glow as the current increases. Jona’s^ experiments 
give the diameter d = (F — 30)/12, where F is in kilovolts and d 
in millimetres. Whitehead’s^ measurements also make d increase 
more rapidly than in proportion to the potential. On the other 
hand Rq is likely to diminish slightly for large glows, since we have 
seen that the field required to produce a spark in a homogeneous 
field diminishes when the spark-gap increases. It is perhaps a fair 
compromise to suppose that RqTq is proportional to the voltage, 
i.e. is given by F/(log 6/a). This gives aformulaof the Warburg type; 
in fact 

_ F (F - M) 

2k log 6/a 

Since k is larger for negative ions than for positive, the increase 
in i for a given change in F is larger for the negativ’e wire. This is in 
agreement with Watson’s results. For the positive wire, k = 450 
in E.S.U., a = *03, 6 = 10, log 6/a = 5-68 in Watson’s experiments. 

1 .Jona, Elettricistaf xiii. p. 113, 1904, quoted by Russell (loc. cit. p. .'>04). 

2 Whitehead, Dielectric Phenomena^ Fig. xxxix, p. 144. 
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^ = ^7(« log bja) and X„ = iJ//(a log 6/a), 

^ _ -y _ ib^ 

^ 2ka^Aog b/a.X’ 

P®”" kilometre or 600 e.s.u., X = 87-5 k.v. 

^ - ^0 = 33 E.s.u. = 9-9 k.v. per cm. The 
difference of the ordinates on Watson’s curve at i = 0 and i = -02 

IS about 9-6, showing a good agreement. It will be noticed that the 

current vanes as 1/62 log 6/a, this is a somewhat slower variation 
than 6 ® as found by Almy. 

/ n deduced the above law by a different method 

(Electriczty tn Gases^ p. 375), has applied it, and also a more com- 

p icate orm, to deduce the mobilities of ions from corona measure¬ 
ments in air*. The results agree fairly well with those found by the 
usual methods. 

Corona discharges in helium and neon have been studied by 

Huxley 2, and in hydrogen by Bruce 3. Both worked at relatively 

OM pressures. The mobilities of the positive ions, as calculated by 

Townsend’s method, were in all cases larger than the values found 

by the usual methods, and showed a tendency, in most cases, to 
increase with increasing field strength. 


Pressure in the Spark. 

The ions in the electric field acquire kinetic energy and as the 
pressure in a gas is proportional to the kinetic energy per unit 
volume the pressure along the path of the spark will be increased. 
This increase in pressure may be very large; for the energy given 
to the ions, when a condenser containing a quantity of electricity 
equal to Q is completely discharged without loss of energy in the 
leads, is ^VQ, where V is the spark potential. To take an example, 
let us suppose that we have a spark 1 cm. long through air at atmo¬ 
spheric pressure, and that we discharge by this spark the charge in a 
condenser of 1000 cm. capacity charged to the potential difference 
required to produce the spark; this potential difference is about 
30,000 volts, i.e. 100 in electrostatic units, hence in this case F= 10^ 
and (? = 10- X 10^ thus the energy given to the gas is ’5 x 10^ ergs. 

1 Townsend, Phil. Mag. xxviii. p. 83. 1914. 

2 Huxley, Phil. Mag. v. p. 721, 1928. 

3 Bruce, Phil. Mag. x. p. 47G, 1930. 
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Now if tills energy were distributed, throughout 1 c.c. of gas it would 
increase the pressure by 3*3 atmospheres; it is, however, confined to 
the very much smaller volume traversed by the spark, the pressure 
in this region being proportionately greater; to take of a c.c. as 
the volume of gas traversed by the spark would probably be a very 
large over-estimate, and yet even if the volume were no less than 
this the initial pressure along the path of the spark would be 
330 atmospheres. This high pressure would spread as a pulse from 
the region of the spark-gap, the pressure in the pulse, when this had 
got so far from the spark-gap that it might be regarded as spherical, 
varying inversely as the distance from the spark-gap. 

A well-known instance of the effects produced by this pressure 
is what is called the ‘electrical bomb,’ where a loosely fitting plug 
in a closed vessel is blown out when a spark passes through the 
vessel. The effect can easily be observed if a pressure-gauge, in 
which the pressure is indicated by the motion of a small quantity 
of a light liquid, is attached to an ordinary discharge-tube, the 
pressure in the gas being most conveniently from 2 to 10 mm. 
of mercury. At the passage of each spark there is a quick move¬ 
ment of the liquid in the gauge as if it had been struck by a blow 
coming from the tube; immediately after the passage of the spark 
the liquid in the gauge springs back ^vithin a short distance of its 
position of equilibrium and then slowly creeps back the rest of the 
way. This latter efi'ect is probably due to the slow escape of the 
heat produced by the passage of the spark; the gauge behav’es 
just as it would if a wave of high pressure rushed through the 
gas when the spark passed. The increased pressure due to the 
discharge has been described by Meissner ^ and by De la Hue and 
Muller^. 

The existence of a pulse spreading from the spark has been 
beautifully demonstrated by T6pler3 who studied by the method 
of instantaneous illumination the region round the spark imme¬ 
diately after it had passed. As the density of the air in the jjulse 
differs from that of the surrounding gas, the pulse is optically 
different from the rest of the field and so can be made visible. 

1 Meissner, Abhund. d, kontg. Gcsellsc/uift Gollingcn, xvi. p. 98, 1871. 

2 De la Rue and Muller, Phil. Trans, clxxi. p. 80, 1880. 

3 Topler, Pogg. Ann. cxxxi. pp. 33, 180, 1807; cxxxiv. p. 194, 1808. 
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Fig. 221 a, taken from Topler's paper, represents the appearance 
of the field looking so as to see the whole length of the spark, 
Fig. 221 b the appearance when the sjiark is looked at end-on. 



Topler noticed that the initial disturbance close to the spark- 
gap showed periodic expansions and contractions, as if the regions 
of greatest disturbance were distributed at equal intervals along 
the length of the spark. There was an exceptionally large pro¬ 
tuberance in the neighbourhood of the cathode. 

Measurenients of the velocity of the pressure waves from sparks 
have been made by Foley Near the spark the velocity is much 
greater than the normal speed of sound, about tlouble at 3 mm., but 
2 cm. away it was nearly normal. At points near the spark where 
the inte!}sity of the wave was still great the velocity of waves from 
heavy sparks was greater than that from thin S 2 )arks. It is known 
from observations of tlie sound from guns that the velocity of a 
very intense sound wave is greater than the normal. 

In an experiment due to Hertz, which also illustrates well the 
explosive elfects due to the sjjark, the explosion seemed to be more 
vigorous at the anode than ut the cathode^; in this experiment the 
anode was 2 )laced at the bottom of a glass tube with a narrow mouth, 
while the cathotie was placed outside the tube and close to the open 
end. The tube and the electrodes were in a bell-jar filled with 
dry air at a pressure of 40 to 50 mm. of mercury. When the dis¬ 
charge from a Leyden jar charged by an induction coil passed 

1 Foloy, Ulc. xvi. p, 4411, ia:*o. 

2 Hertz, Wicil. Ann. xix. p. 78, 1883. 
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through the tube, the glow accompanying the discharge was blown 

out of the tube and extended several centimetres from the open 

endj the effect was not so marked when the electrodes were 
reversed. 

Haschek and Mache by measuring the pressure at the surface 
of a vessel through which sparks from a high tension transformer 
were passing, have calculated the pressure in the spark; with brass 
electrodes and sparks 3 mm. long they estimated the pressure of 
the spark in air at a pressure of 704 mm. of mercury as 51*7 atmo¬ 
spheres, in carbonic acid at the same pressure as 52*2 atmospheres, 
and in coal gas as 72*7 atmospheres. They found that the pressure 
in the spark was, as might be expected from the diminution in 
the spark potential, less when the pressure of the gas through 
which the spark passed was low than when it was high; thus in 
one of their experiments the pressure in the spark was estimated 
by them to be 27*2 atmospheres when the pressure of the air was 
585 mm. of mercury, when the air pressure was reduced to 96 mm. 
of mercury the spark pressure fell to one atmosphere. They found 
too that the spark pressure depended upon the nature of the 
electrodes; thus imder similar conditions they found that the spark 
pressures in air with electrodes of carbon, iron and brass were 
respectively 124, 79, 64 atmos 2 )heres. When as in these experi¬ 
ments sparks follow each other in rapid succession, the spark is 
carried to a considerable extent by the metallic vapour from the 
electrode. 

Haschek and Exner^ and Hohler3 have iniblished estimates of 
the spark luessure derived from observations of the displacement 
of the lines in the spectrum of the spark due to the electrode. 
Humphreys 4 has shown that the effect of increased pressure in 
the vapour of a metal is to displace the lines towards the red end 
of the spectrum, and has measured the displacement for various 
Ijressures; hence if we assume that the displacement of the lines in 
the spark spectrum is due to the pressure of the spark, by measuring 
this displacement we can deduce the pressure in the spark. 

1 Haschek and Mache, II icil. Ann, Ixviii. p. 740, 1800. 

2 Haschek and Exner, ITjc/i. Sitzungs. cvi. p. 1127, 1897. 

3 Mohler, AcflrojAiysical Journal^ iv. j). 175, 189C. 

4 Humphreys, Afftrophysical Journal, vi. p. 169, 1897. 
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The magnitude of the pressures in the spark explains the 
mechanical effects produced by sparks, such as the perforation of 
pieces of cardboard or thin plates of glass. 

Tyndall and Searle ^ have shown that an increase of pressure 

which occurs during the corona discharge is adequately explained 

by the heat generated. The rise in pressure during the discharge is 

more sudden than when an equal amount of heat is generated in 

the wire by passing a current through it 2 . This is explained by the 

electric wind which aids convection. A small difference of pressure^ 

between the wire and cylinder (of the order of *004 cm. of water) is 

probably a direct effect of the electric wind; an alternating current 

gives rise to a pressure change pulsating with twice its frequency, 

which may be due to sound waves caused by a vibration of the 
wire. 


Heating Effects -produced by Sparks, 

A large part of the energy given to the ions during the discharge 
will appear as heat and will raise the temperature of the gas and the 
vessel in which it is contained. We have seen that the temperature 
may be expected to rise to about 10,000° C. and that the ionisation 
due to this high temperature is largely responsible for the large 
current which a spark can carry with a comparatively small poten¬ 
tial. Measurements of the heat produced by sparks have been made 
by Riess4, PaalzowS^ G. Wiedemann^, NaccariandBellati^, Poggen- 
dorft'^,Dewar9, RoUmann^®, Naccari^*, Villari^^, Mugna^3 ; measure¬ 
ments in absolute measure have been made by Hej^dweiller ^4^ 

1 Tyndall and Searle, Phil. Mag. xxxv'. p. 201, lOlJ?. 

2 Phijs. Pcv. x. p. 483, 1917. 

3 Fazcl, Phys. liev. xix. p. 150, 1922. 

4 Kiess, Reihungsclcktricitdt. 

5 Paaizow, Pogtj. Ann. cxxvii. p. 120, 1806. 

6 G. Wiedemann, Pogg. clviii. p. 35, 1870. 

7 Naccai’i and Dellati, Bcib. ii. p. 720, 1878. 

8 Poggendorff, Pogg. Ann. xciv. p. 032, 1855. 

9 Dewar, Proc. Boy. Soc. Edin. vii. p. 099, 1872. 

10 Rollniann, Pogg. Ann. exxxiv. p. 005, 1808. 

H Naccari. Atti di Torino, xvii. p. 1, 1882. 

12 Villari, Beih. iii. p. 713; iv. p. 404; v. p. 460; vi. p. 609; vii. p. 782, 1883. 

13 Mugna, Beih. vi. p. 953, 1882. 

14 Heydweiller, Wied. Ann. xliii. p. 310, 1891; Ixi. p. 541, 1897. 
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Battell iand Magri*, Lindemann^ and Kaufinami3. These experi¬ 
ments have mostly been made on the heat developed by the sparks 
produced by discharging Leyden jars; the most definite result ob¬ 
tained is that the heat produced in the spark-gap is only a small 
fraction of the energy in the jar before it was discharged. The dis¬ 
charge of the jar is oscillatory, so that in this case we have a series 
of sparks following one another across the gap in quick succession; 
under these circumstances there is a great tendency for the spark to 
change into an arc, and in the arc the potential difference between 
the electrodes, and therefore the heat produced by a given current, 
is very much less than for the spark. Of the original energy of the 
jar, some appears in the spark in the form of heat and in the pressure 
wave, and the rest in heat in the wires. The relation between the 
electromotive force and the current in the case of the discharge 
through gases is in general so different from that for metals that it 
is somewhat misleading to speak of the resistance of the spark-gap; 
it may, however, give some idea of the small amount of energy 
(Bssipated m the spark-gap to say that the heating effect for sparks 
six millimetres long has been foxmd in some cases investigated 
by IVIiss Brooks 4 to be not greater than that which would have 

occurred if a wire about 2 ohms resistance occupied the position of 
the spark. 


Characteristic Equation of Sjjarks. 

The potential difference across a spark-gap usually diminishes 
as the current increases. By connecting the spark-gap in series 
with a sufficiently high resistance the tendency of the current to 
increase explosively is held in check, and it is possible to observe 
its variation with the potentials. 6 found that the potential 

difference V = a + bji, where i is the current and a and b depend on 
the spark length. The currents used are of the order of a few milli- 
amps. and the sparks very feeble. Koch^ has also examined this 


1 Battelli and Magri, Ph^s. Zeits. iii. p. 539; iv. p. 181, 1902; P/tH 
and 620, 1903. 

2 K. Dindemann, _4 h7i. d. Phy^. xii. p. 1012, 1903. 

3 Kaufmann, Wied. Anyi. lx. p, 653, 1897, 

4 Miss Brooks, Phil. May, (O), ij. p. 92 , 1901. 

5 Stark, Phy.^. Zcit. iv. p. 535, 1903. Kaufmann, ib, p. 578. 

6 Koch, Ann. d. Phys. xv. p. 865, 1904. 

TCEII 
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relation by a different method, namely by measuring the charge 
remaining in an air condenser after it has given a spark. As the 
condenser discharges its potential falls, and a time comes when 
it is no longer able to keep the discharge passing. Let r be the 
external resistance in the circuit and E the applied electromotive 
force, then the potential difference Y across the spark neglecting 
self-induction is given by Y = E — ri. The graph of Y against i is 
a straight line (Fig. 222), and if on the same diagram we plot the 



'characteristic’ curve giving the relation of Y and i for the spark, 
the points of intersection P, Q give the possible values of Of these, 
the state represented byP is unstable, since increasing currentwould 
lead to an excess of potential between the electrodes over what the 
spark would support. On the other hand Q is stable and so repre¬ 
sents a*- possible steady state. As the condenser discharges E 
diminishes, but r of course is constant, so the line moves parallel to 
itself on the diagram till it touches the characteristic at S. No 
further decrease in E is consistent with the passage of a current 
and E' is the residual potential of the condenser. Koch found a 
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number of pairs of values of E and t and drew th.e corresponding 
lines, whose envelope gave the ‘characteristic.’ The curve so found 
agreed fairly with that obtained by the direct method. Heyd- 
weiller* has extended Koch’s experiments, and also determined the 
constants a and b by observations on the behaviour of oscillating 
circmts containing a spark-gap, and from measurements of the heat 
produced in sparks. The different methods give results in good agree¬ 
ment except that in some cases the values of a and b deduced from 
experiments with large currents of many amperes are smaller than 
those found with small currents. Heydweiller deduces from Koch’s 
measurements that a = 300 -I- 86-4d, b = -COOd, where a is in 
volts, b in watts and d is the spark-gap in milhmetres. The nature 
of the electrodes has no effect, the gas was air. The dissipation of 
energy in the spark takes the simple form 

IVidi = aq bt, 

where q is the quantity of electricity which has passed (counting 

both directions if the discharge is oscillatory) and t is the time. 

% 

Constitution of Sparks. 

Schuster and Hemsalech ^ have made some very interesting 
researches on the constitution of sparks following rapidly one after 
another, such as are produced by the oscillatory discharge of a 
Leyden jar. The sparks were photographed on a rapidly moving 
film mounted on the rim of a wheel making about 30 revolutions 
per second; the motion of the him was at right angles to the length 
of the spark, so that the line traced on the film by a source of light 
moving with finite velocity along the spark length would be inclined 
to the direction of the spark, and its inclination would (if the velocity 
of the him were known) give the velocity of the source of light. By 
sending the light from the spark on its way to the him through a 

spectroscope the velocity corresponding to any line in the si:.ectrum 
could be determined. 

The conclu-sion arrived at by the authors of these experiments 
is that the first spark passes through air, but that if the sparks 
follow each other in rapid succession (as they do when produced by 

1 Heydweiller, d. Phys, .xix. p. 640, 1006. 

2 Schuster and Hemsalech, Phil. Trans, cxciii. p. 180, 1899. 
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the oscillatory discharge of a Leyden jar) and are not too long, the 
succeeding ones pass through the vapour of the metal, the elec¬ 
trodes being vaporised by the heat produced by the first spark. This 
view is confirmed by a very interesting experiment made by these 
authors: they found that if self-induction was put into the spark 
circuit by which the jars were discharged, the air lines almost dis¬ 
appeared from the spectrum of the spark while the metal lines 
were very bright: the self-induction increases the time the oscilla¬ 
tions last and so enables the vapour of the metal to get well diffused 
through the spark gap, the discharge passing for by far the greater 
part of the time through the vapour, so that most of the energy is 
spent in heating this and not the air. 

These authors found that the velocity of the metallic vapours in 
the spark was greater for the metals of low atomic weight than 
for those of high; thus the velocity of aluminium vapour was 1890 
metres per second, that of zinc and cadmium only about 545. 

The interesting result was obtained that the velocities of the 
vapoiu*s of some metals, and especially of bismuth, indicated by 
some of the lines in the spectrum were not the same as those 
indicated by other lines; thus in bismuth some of the lines indi¬ 
cated a velocity of 1420 metres per second, others a velocity of only 
about 550, while one line (A = 3793) gave a still smaller velocity. 

In a recent paper Lawrence and Dimnington * describe measure¬ 
ments of the rate at which the metallic vapours spread into the 
spark in the earlier stages of its formation (up to 5 x sec.). 
They find a velocity for the zinc ions of 2-1 x 10® cm./sec., and 
rather less for cadmium and magnesium. The spectral hnes from 
w'hich these speeds were measured are due to the excitation of 
singly charged metallic atoms. These provide the bulk of the lines 
observed in sparks, so much so that the name ‘spark spectrum’ is 
commonly applied to the spectrum of the ionised atom in contrast 
to the ‘arc spectrum’ produced by the neutral atom. 

Schenck^ has also observed the appearance presented in a 
rapidly rotating mirror wdien the alternating current produced by 
discharging a number of Leyden jars passes across an airspace; he 

1 LaA\Tence and Dunnington, Phys. Pcv, xxxv. p. 396, 1930. 

2 Sclienck, Astrophysical Journal, xiv. p. 116, 1901. 
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found that the discharge presented three characteristic features: 

(1) a thin bright line followed in some cases at intervals of half 

the period of the discharge by fainter lines, (2) bright curved 

streamers starting from the negative terminal, the velocity of the 

particles in the streamers falling off rapidly as they receded from 

the pole, (3) a diffused glow lasting for a much longer period than 

either of the preceding. These three constituents give out quite 
different spectra. 

Effect of a Magnetic Field on the Spark, 

VVe have seen that a magnetic field produces a very great effect 
on the discharge through gases when the pressure is low. At 
atmospheric pressure, however, the effects on the spark itself are 
very slight, although the halo of luminous gas which surrounds the 
course of the sparks when a number of sparks follow each other in 
rapid succession is drawn out into a broad band by the magnetic 
field. This halo, it may be observed, is deflected by a current of air, 
though the spark itself is not much affected. Precht^ has observed 
a distinct effect of a magnet on a spark at atmospheric pressure 
when the sparks pass between a sharp point and a blunt wire; the 
spark is deflected by a transverse magnetic field in the same direc¬ 
tion as a flexible wire conveying a current in the same direction as 
that passing through a spark would be deflected. He found, too, 
that the magnetic field affected the spark potential; thus when the 
distance between the electrodes was 8 mm. and the transverse 
magnetic force 7017, he found that when the pointed electrode 
was the anode, the rounded one the cathode, the magnetic field 
reduced the spark potential from 8670 volts to 7520 volts; while 
when the point was cathode, the rounded electrode anode, the same 
magnetic field increased the potential from 6250 to 6450 volts. 
Meyer2 found that a transverse magnetic field increased the mini¬ 
mum sparking potential in air. If the spark passes through an 
orifice, the rise in the sparking potential depends on the size of the 
orifice, diminishing as this increases. 

1 Precht, Wi&l. Anu. l.xvj. p. 1898. 

2 .M<*ycr, Ann. d. P/it/.t. Iviii. p. 297, 1919; Ixvii. p. 1 , 1922. 
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High Voltage Discharges. 

Now that voltages exceeding a hundred thousand are regularly 
used in electrical transmission, high voltage discharges have become 
of great engineering interest and tests are made up to a million volts. 
Discharges at high voltages do not differ fundamentally from those 
we have considered so far, but there are certain peculiarities which 
need mention. The frontispiece shows an alternating discharge of 
about one million volts in the laboratory of Metropolitan-Vickers Ltd. 
at Trafford Park, The lacy structure is due to the intermittence 
of the discharge. The discharge tends to use the same molecules, 
and as the air is blown about by draughts, successive discharges 
occur along roughly parallel paths displaced sideways with respect 
to the electrodes. As with the lower voltages, the current between 
electrodes of definite size and shape may begin either as a luminous 
discharge from one or both electrodes which enlarges as the current 
is increased until a spark passes, or the spark may pass suddenly 
without previous current. The former occurs if the electrodes 
are pointed or have a radius of curvature small compared with their 
distance apart, the latter if they are nearly flat. A good deal 
depends on whether the voltage is applied symmetrically to the 
electrodes or to one only, the other being earthed. Fig. 223 shows 
the breakdown and discharge voltages for alternating e.m.f. applied 
to a point or sphere, the other electrode being an earthed plane. 
The cmves A refer to the initial discharge, and D to the breakdown. 
A\ hen the spacing is less than a critical value characteristic of a 
given size of sphere, the curves are identical and the discharge 
starts as a spark. Above the critical there is a region of voltage 
within which a steady discharge occurs without breakdown of 
resistance. The critical points lie nearly on the ‘point to plate’ 
curve which gives the breakdown voltage for this combination. It 
will be noticed that when the brush discharge occurs, the final 
breakdown voltage depends little on the electrode shape. There 
will be intense ionisation near any sharply’- curved conductor, and 
the space-charge of the ions vdll modify the field, tending to reduce 
differences d\ie to the shape of the electrodes. 
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Direct Current, 

When the potential is direct, important differences are fotmd 
according to the sign, if electrodes of unequal size are used. We 
have seen that the initial discharge begins at a lower voltage from 
a negative point than from a positive one. If electrodes are so close 
together that the first discharge and the breakdown occur together, 
then the potential required is less when the smaller electrode is 
negative; but if there is an initial brush discharge then, although 
the initial discharge occurs at a lower potential for the small 
electrode negative, the breakdown comes easiest when it is positive. 
This is shown in Fig. 224 taken from a paper by Goodlet, Edwards 



and Perry {Journal of the Institution of Electrical Engineers^ Ixix. 
p. 695, 1931) which shows the potentials required to spark from a 
point to an earthed plane in air. Similar effects occur when im¬ 
pulsive voltages are applied: thus in the same paper it was found 
that for a 25 cm. sphere and plane a negative impulsive potential 
on the sphere caused a breakdown more readily than a positive one 
if the spacing was less than about 20 inches, but a positive potential 
was the more effective at large spacings. The negative impulse re¬ 
quired for a point was always more than the positive. It follows 
from this that the rectifying effect of a point-plane gap is in 
opposite directions according as the brush or spark discharge is used. 
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Effect of Sharp Edges, 

In general the effect of points and edges is to produce an intense 
electric field near them and so facilitate brush discharge. It has, 
however, been observed that a brush does not start readily from a 
point of small angle. Guard rings cut with very sharp edges have 
been used by engineers on high tension insulators instead of the 
usual rounded shields. An extreme case of this effect is shown in 
Plate V, a from Goodlet, Edwards and Perry [loc. cit.). Here the 
suspended brass cylinder was hollow and finished at the bottom to 
a sharp edge. The discharge, 435 kilovolts (eff.), avoided this edge 
and struck to the upper part of the electrode, although it increased 
the path by 15 inches in doing so. 

Confined Air Spaces. 

Discharges are found to occur between conductors in air spaces 

which are not properly ventilated at potentials markedly below 

those at which they would occur in the normal way. In such cases 

the potential required to produce successive sparks may show a 

steady diminution to as little as three-quarters of its original value. 

Charges may be produced on the insulators or on dust particles 

which disturb the field and facilitate the breakdown; possibly the 

effect is due to ozone or to residual ionisation. In experiments on 

the corona it is necessary to change the air frequentlv to get con¬ 
sistent results. 


Branching. 

Long sparks generally show branching, forming a tree-like 
structure, the trimk towards the positive electrode and the branches 
towards the negative. Simpson ^ has explained this by the greater 
ionising power of the electrons. On his view the discharge starts by 
chance electrons moving in towards the anode and multiplying l/y 
collision as they go. The positive ions move slowdy and are left to 
form a charged column. The end of this column remote from the 
anode attracts in electrons, and it will often happen that two or 
more electron trails come in almost simultaneously. These are the 
branches. Hence the discharge spreads from the positive to the 

I Simpson, Proc. Roy. Soc. cxi. p. 5G, 192C. 
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negative, branching as it goes, though the main movement of ions 
is in the opposite direction. 

Branching of Lightning Flashes. 

The question is of interest in connection with theories of thunder¬ 
storms. According to Simpson * thunderstorms are caused by the 
splitting of rain drops in an ascending current of air when they grow 
to more than a certain size. Electrihcation by splashing occurs, and 
the negative electricity is carried upwards by the air or fine spray 
while the positive charge remains on the drop which is supported 
by the up-current. Thus the upper part of the thimdercloud is 
negatively charged and the lower part positively, though Simpson 
considers that the negative electricity may be carried down again 
at the back of the cloud. 

On the other hand C. T. R. Wilson^ has put forward a theory on 
which the falling rain drops act by induction in the electric field of 
the earth or of the charges in the cloud. In Wilson’s form of the 
induction theory which was originally suggested in another form 
by Elster and Geitel-^—each drop acquires by induction a negative 
charge above and a positive below, the normal electric field in the 
air being downward. As it falls through the air, or as the air blows 
up past it, negative ions in the air will be attracted towards the 
lower parts of the drops, and some will strike them and coalesce 
with them. The mobility of the positive ions in the air is con¬ 
sidered to be too small for them to catch up the falling drops. Thus 
the drops will become negatively charged, and the air will be left 
with a resultant positive charge. On this view the top of a thunder¬ 
cloud is positive and the bottom negative. Eventually the field 
may become so strong that the drops are supported by it, or a dis¬ 
charge may occur. Observations on the electric field produced by 
thunderclouds at various dista nces, and on the sudden changes of field 
which occur simultaneously with a lightning flash, support Wilson’s 4 
view. On the other hand, photographs of lightning flashes from the 

1 Simpson, Phil. Trans, ccix. p. 374, 1909; Proc. Poij. Soc. cxiv. p. 376, 1927. 

2 Wilson, Franklin Inst. Journ. ccviii. p. 1, 1929. 

3 Elster and Geitel, Wicrl. Ann. xxv. p. 116. 1883. 

4 Wilson, Proc. Boy. Soc. xoii. p. 355. 1916; Phil. Trans, ccxxi. p. 73, 1921. 
Sclionland and Craib, Proc. Boy. Soc. cxiv. p. 229, 1927. Schonland, Proc. Boy. 
Soc. cxviii. p. 233, 1928. 
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bottom of tbunderclouds often show branching downwards, as though 
the bottoms of the clouds were positive. Recent experiments^, 
however, suggest that this conclusion is imjustified. Plate IV, d due 
to AUibone shows an impulsive discharge from a point charged 
negatively to 1,000,000 volts. The lower electrode is a plane studded 
with nails, which give a brush discharge. There is pronounced 
branching of the main discharge away from the negative electrode, 
while the brush discharge shows branching in the opposite direction. 
It is possible that, in the very high fields near a point at these 
potentials, the positive ions become effective ionisers; they will, of 
course, be present in large numbers from the brush discharge. 
The brush discharge from projections on the earth’s surface caused 
by thunderstorms appears to be the chief means by which the 
negative charge which is present on the earth’s surface in fine 
weather is maintained. Schonland {loc. cit.) finds that the dis¬ 
charge from the trees during a South African thunderstorm amounts 
to about 2*1 amps, upwards, and the lightning flashes to *1 amp. 
in the same direction, while the rain on the average is positively 
charged and gives *02 amp. in the other direction. This view is 
strengthened by the correlation which Whipple^ has shown to exist 
between the diurnal variation of the earth’s potential gradient, and 
the times at which the greatest number of thunderstorms occur, 
taking the earth as a whole. 

The Lightning Flash. 

The flash may occur in the cloud or from either pole to earth, 
usually from the lower one. Wilson estimates from a number of 
observations on the change of electric field that the average electric 
moment destroyed by a discharge in a cloud is about 30 coulomb- 
kilometres (10*^ E.s.u./cm.). Taking the thickness of the cloud as 
of the order of a kilometre this gives 30 coulombs per flash. Wilson 
estimates the total potential difference as of the order 10^ volts, 
giving an energy of 1-5 x 10^^ ergs. There are probably aboxit 
2000 thunderstorms on an average taking place on the earth at 
any one time, and Wilson estimates the total power at 10^® ergs/sec.^ 
which is 10'** of the energy received from the sun. The cloiid 

1 Schonland and AUibone, Xature, Nov. 7, 1931. 

2 Whipple, Hoy. Meicor. Soc. Journ. Iv. p. 1, 1929. 
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rapidly rebuilds its charge after a flash, replacing one-tenth in the 

first second. This requires on Wilson’s theory an intense ionisation 

which may be supplied by point discharges from drops elongated in 

the electric field of the thundercloud. It would no doubt require 

a much longer time to build up the charge in the first instance when 

the only field is the normal one of the earth, of the order of 
100 volts/metre. 

Appleton, Watt and Herd ^ have observed the form of the electric 
disturbances due to lightning flashes by means of a cathode ray 
oscillograph connected to a wireless receiver, and have been able 
to show that the discharge is heavily damped and shows little trace 
of an oscillation, contrary to what had previously been supposed. 

I Appleton. \y. Watt and Herd, Proc. Poi/. Soc. cxi. p. 615, 1926. 
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S'parking Potentials for air at 760 mm. and 25® C. 

in Kilovolts'^. 
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I From International Critical Tables, vi. pp. 70, 80. 









CHAPTER X 

THE ELECTRIC ARC 

The arc discharge was discovered by Davy in 1808-10^. He 
found that if two horizontal cylinders made of hard carbon were 
pressed together and placed in series with a galvanic battery giving 
a potential difference of 100 volts or so, on separating the carbons 
an exceedingly bright discharge, shaped like an arc with its con¬ 
cavity downwards, passed from one carbon to the other. The ends 
of the carbons became incandescent and produced most of the 
light. From its shape the discharge was called the ‘arc discharge.’ 
This term is applied to discharges which differ widely from each 
other; thus, for example, if the electrodes are made of substances 
of high melting points, such as carbon or tungsten, both electrodes 
are raised to incandescence, while in the mercury arc the evidence 
seems to indicate that the temperature of the cathode is not much, 
if at all, greater than about 200® C. 

A common feature of all types of arc discharge is that they are 
not self-starting, to begin a discharge the arc must be struck by 
separating electrodes which had previously been in contact with a 
current flowing across the junctions; this warms the electrodes and 
enables the discharge to begin. Amother characteristic of arcs is 
that the cathode must be hot, it is not necessary for the anode to 
be so; thus if we have two electrodes, one of which is hot the other 
cold, placed in series with an alternating current, the current will 
get through when flowing in the direction which makes the hot 
electrode the cathode but not in the opposite direction. The system 
will rectify the current and convert it into one always flowing in the 
same direction. 

The only other feature of the arc discharge which is in variably 
present is the smallness both of the cathode drop of potential and 
the thickness of the dark space as compared with the corresponding 
quantities for the glow discharge; the minimum value of the 

I The early history of the arc is discussed by Daschnitz in an interesting paper in 
Phys. Zeita, xxxi. p. 232, 1930. 
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cathode fall in the glow discharge is for most gases of the order of 
200-300 volts, while that for the arc may be as low as the ionising 
potential of the gas. 

The dark space in the arc discharge is so thin that it has never 
been observed; we do not, however, know what the pressure of the 
metallic vapour in contact with the cathode may be and the con¬ 
ditions at the cathode would make its detection difhcult. Nagaoka 
and Suguira^, by observation on the broadening of lines due to the 
Stark effect, estimated the intensity of the electric field at the anode 
in kilovolts per cm. to have the following values: Ag 180, Cu 87, 
Mg 116, Cr 46, Ni 93, Co 87, Fe 56. If, as seems to have been the 
case, the field was about the same at the cathode, these numbers 
would make the thickness of the dark space of the order of 10-^ cm. 

Speaking generally, the discharge in the arc, except in the neigh¬ 
bourhood of the cathode, is of the same type as that in the glow 
discharge, the discharge in the space between the electrodes corre¬ 
sponding to the positive column in the glow. Owing, however, to the 
enormously greater current density in the arc discharge, the space- 
charge effects are predominant. Thus if the current density is 
100 amp./cm.2, it will require a potential difference of about 
1000 volts to drive the current across 1 mm., if in this space it is 
carried entirely by electrons without any positive ions to diminish 
the effect of the space-charge; this shows that in the arc there must 
be ionisation or emission of positive ions right up to the anode. The 
part of the arc between the electrodes may, like the positive column 
in the glow discharge, be either continuous or striated. Striations 
have been observed by Cady and Arnold^, Lehmann3, and many 
years ago by De la Rue4. 

We can trace the transition from the glow to the arc discharge 
very conveniently by using as cathode a lime-covered platinum 
wire heated to redness by an electric current and having a thermo¬ 
junction fused on to the platinum to measure the temperature; 
the anode is a cold metal plate and the gas in the discharge tube 
at a low pressure. The electrodes are connected up with a battery 

1 Natjaoka and Suguira, Jajianese Journal of Phynirs, iii. p. 45 , 1924. 

2 Cady and Arnold, Phys. Zeit.'i. viii. p. 891, 1907. 

3 Lehmann, Ann. d. Phytt. Iv. p. .301, 189.7. 

4 De la Rue, Phil. Trans, clxxi. p. 0.7, 1870. 
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of cells, and the number of cells in the battery gradually in¬ 
creased. The early stages when the number of cells is small have 
already been described (Vol. i. p. 477); in these stages the tempera¬ 
ture of the cathode is not appreciably increased by the current; 
if the number of cells in the battery is steadily increased a stage is 
reached when the temperature of the cathode begins to increase; 
the increase in the current through the tube is now very rapid, 
while the potential difference between the anode and cathode, in 
spite of the increase in the electromotive force in the rest of the 
circuit, falls very quickly; the increase in the temperature of the 
cathode and the current through the tube goes on with great 
lapidity, the cathode soon gets white hot and the current rises 
from a few milliamperes to several amperes, the potential difference 
between the cathode and anode falling to about 30 volts. The high 
temperature of the cathode is due to its bombardment by positive 
ions; at this stage we may switch off the current used to heat the 

cathode, and the cathode will remain hot and the arc continue to 
pass. 

If we raise by the current the temperature of the cathode to 
a white heat before applying the field the arc will begin almost 
immediately; the experiment in this form is difficult as the wire 
cathode has to be thin if it is to be made hot enough by the 
current and generally melts after the arc has passed for a few 
seconds. 

Another way in which the change can be shown is by starting 
with an arc in a closed vessel at atmospheric pressure, and using a 
voltage of several hundred volts with considerable resistance in the 
leads; if the air is gradually pumped out, and if the conditions are 
suitably adjusted, the discharge will, when the pressure is reduced 
below a critical value, jump from the arc to the glow discharge. If 
the voltage is below some 300-400 volts the arc -will go out, but the 
glow discharge will not start. 

Let us follow the change from the glow to the arc discharge; 
starting with a glow discharge and currents not large enough to 
cover the whole of the cathode, the current per unit area and the 
cathode fall of potential are both constant, and the variation in the 
potential difference between the electrodes is due to the potential 
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falls in the negative glow and positive column. On increasing the 
current the discharge becomes abnormal, the cathode fall and the 
potential between the electrodes at first increase and with these 
the number of watts spent in the tube. This raises the temperature 
of the cathode until it begins to emit electrons thermionically. This 
helps the discharge, the current and the watts increase, and the 
temperature of the cathode increases too, the difference of potential 
dinoinishes and as dEjdi becomes negative, instability sets in and the 
arc discharge is established. The potential difference reaches a 
maximum value; according to Druyvesteyn^ the temperature of the 
cathode with inert gases and timgsten electrodes is always about 
2000° K. when this occurs. The maximum value of E diminishes as 
the pressure increases, and ^^ax. x t is independent of the pressure. 



In considering the connection between the arc and the glow 
discharge, it is interesting to find what would be the current density 
and the thickness of the dark space in a glow discharge at the 
pressure of the arc discharge in free air. In the glow discharge at 
a pressure of 1 mm. the current density with flat iron electrodes in 
nitrogen is, according to Giintherschulze^, 42 x 10~^ amp./cm ^ 

1 Dniyvesteyn. Zeits. f. Pkys. lx.xiii. p. 727, 1932. 

2 Giintherscluilze, Zeita. f. Phys. xx. p. 1, 1923. 
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and the dark space *375 cm.; the current density is proportional to 
the square of the density of the gas. If we take the temperature of 
the gas in the arc discharge to be 3000^ K., the density of the gas 
will be seventy-six times that at normal temperature and 1 mm. 
pressure; the ctirrent density will therefore be (76)2 x 42 x 10“® or 
2*4 amp./cm.2, and the thickness of the dark space *005 cm. This 
current density is much smaller and the thickness of the dark space 
much greater than for the arc. 

Curves showing the relation between potential and current over 
a range including both the glow and arc discharge for the inert 
gases are given in Fig. 225, taken from Druyvesteyn’s paper. 

The arc may take several dift'erent forms: 

(1) The anode and cathode may both be hot and give o£E 
metallic vapours. 

(2) The cathode may be hot, while the discharge at the anode 
concentrates in a bright spot. 



Fig. 226. 

(3) The cathode may be hot, while the anode is cold and the 
discharge in the gas between the electrodes shows the characteristic 
spark lines of the glow discharge. 
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There may, as Hagenbach and Veillon* have shown, be several 

varieties of (1), (2), the passage from one variety to the other being 

abrupt and the different kinds having different characteristic 
curves. 

An example of this, the change from the quiet to the hissing arc, 
has long been known; the characteristic curves for this are given 
in Fig. 226. 


Arcs between Carbon Electrodes. 


The temperature of the positive ter min al is higher than that of 
the negative; according to Violle the temperature of the former is 
about 3500° C., that of the latter about 2700° C., while he found 
the temperature of the arc itself to be higher than that of either 
terminal. The determination of the temperature is very difficult, 
nor is it easy to compare the results of different observers, as 
the temperature depends upon the quality of the carbon. Later 
experiments by Lummer^ and Mathiesen^ have given higher tem¬ 
peratures for the electrodes and values between those of the terminals 
in the arc itself. All observers seem to agree that the temperature 
of the anode reaches a value which is independent of the current; 
thus in some experiments by Waidner and Burgess4, when the 


current was increased from 15 to 30 amperes the temperature only 
increased by 70° C. An increase of current increases the area of the 
luminous crater, but the amount of light given out by each unit 
area remains unaltered; the temperature of the anode increases 


with the pressure of the gas through which the arc is passing, and 
the temperature is probably that at which the carbon melts or 
volatilises. The temperature of the cathode increases with the 
strength of the current and with very strong currents approaches 
that of the anode. 


In the carbon arc the terminals, if similar to begin with, soon 
present marked differences in their appearance, the extremity of 
the positive terminal gets hollowed out into a crater-like shape, 
while the negative electrode, if pointed to begin with, remains so. 

1 Hagenbach and Vcillon, Pkys. Zeits. xi. j>. S33, 

2 Luinmer, VerJliissifjung d. Kohle, p. 194. 

3 Matliiesen, Temperaturmessungcn im eleklrincken Lichtbogcn. 

4 Waidner and Burgess, Phya. Rav. xix. p. 241, 1904. 
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Both terminals in general lose weight, the positive, however, far 
more than the negative. The appearance of the terminals is shown 
in Fig. 227, which is due to Mrs Ayrton^, a, and h represent the 
appearance when the arc is quiet, d when it is giving out a hissing 
sound; in some cases a mushroom-shaped body forms at the end 
of the negative terminal. 



Some very interesting and suggestive experiments on these 
two phases of the arc discharge have been made by Cady and 
Arnold^, using electrodes made of various metals. They found that 
with iron electrodes the still phase was often very difficult to get, and 
kept slipping into the hissing phase; they showed the dependence 
of this phase on the condition of the anode very simply and 
elegantly by having one electrode carbon and the other iron. When 
the carbon was cathode, the system, as far as regards the hissing, 
behaved as if both electrodes were iron, while if the iron was cathode 
the change did not occur until the hissing point for carbon was 
reached. In nitrogen at diminished pressure they observed between 
carbon cathodes, and anodes of carbon silver or lead, not only the 
two phases of the arc discharge but also the glow discharge. In 
many cases they found the discharge discontinuous or oscillatory. 

The temperature of the cathode is of great importance for the 
theory of the arc; its determination is a matter of great difficulty 
and few determinations have been made. The place of highest 
temperature is the ‘ hot spot* on the cathode, the part of the cathode 

1 -Mrs Ayrton, The Electric Arc. 

2 Cady and Arnold, Phys. Zeits. viii. p. 891, 1907. 
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from which the arc starts; this, in the case of metals, wanders about 
over the cathode with considerable velocity, much faster than it 
does over a carbon cathode. Hagenbach and Langbein* give the 
following as the temperatures of the hot spot on the cathode for 
different metals: 

Mg m Fe Zn W A1 

2350® K. 2365 2430 3000 3000 3400 

while for the anode the corresponding temperatures were; 

Ni Fe W 

2440 2600 4200 

Some of these temperatures are higher than the boiling points of 
the metals. One obvious explanation is that the surface of the metal 
may be oxidised, or changed by chemical action; the boiling point 
would be raised and the oxides of many metals give out copious 
streams of electrons when heated. 

The case of mercury, which is particularly interesting and com¬ 
plicated, will be considered later. 

Connection between the Difference of Potential between the 
Electrodes, the length of the Arc and the Current, 

If V is the potential difference between the terminals, I the 
length of the arc, Frohlich^ showed that the linear relation 

V = m + nl, 

where m and n are constants independent of I, exists between Fand 1. 

Mrs Ayrton 3 has shown that both tn and n are functions of i, the 
current passing through the arc, and that 

+ f)'.(1). 

where a, p, y, 8 are constants. 

Mrs Ayrton made a long series of experiments on the relation 
between the potential difference and the current through the arc. 
Some of the curves representing the results of these experiments are 
given in Fig. 226. It will be seen from these that for a quiet arc an 

1 Hafrenbach and Langbein, Arch, de Geneve, xlvi. p. 329, 1918. 

2 Frbhlich, Eieldrotechnische Zeils. iv. p. 150, 1883. 

3 Mrs Ayrton, The Electric Arc. 
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increase in current is accompanied by a decrease in the potential 

difference, while in the hissing arc the potential difference is in¬ 
dependent of the current. 

The constants m and n have been measured by several ob¬ 
servers, including Frdhiich himself. For carbon electrodes in air at 
atmospheric pressure m is about 39 volts, varying somewhat with 
the size and purity of the carbon; it is diminished by soaking these 
in salt solutions. The values of m and n found by the earlier experi¬ 
menters varied considerably; this might be due to their having used 
currents of different intensities. In interpreting these results it is 
important to remember that with some terminals the arc is inter¬ 
mittent. Lecher has shown that this is so with iron or platinum 
terminals, and Arons for mercury ones; no intermittence has been 
detected with carbon, silver or copper terminals. The measured 
potential differences represent mean values, and if the arc is inter¬ 
mittent they may differ greatly from the actual potentials during 
the passage of the arc. 

If the two terminals are of different materials, the potential 
difference may depend upon the direction of the current; this is 
especially the case when one of the terminals is carbon and the 
other metal; the arc passes much more easily when the carbon is 
the negative terminal and the metal the positive one. So marked 
is this effect that if such a pair of terminals is connected up with 
an alternating electromotive force, the arc may pass only in the 
direction in which the carbon is the negative terminal, the potential 
difference being insufficient to drive it the opposite way. 

In the formula (1), due to Mrs Ayrton, I is the length measured 
to the rim of the crater; if I is the length to the bottom of the crater 
Rasch^ showed that S vanishes. 

We see that 

Fi = -f- BV) + (a + yl) i ; 

the left-hand side is proportional to the number of watts put into 
the arc, the right-hand side is a linear function of the current. Hence 
if we plot currents against watts the graph ought to be a straight 
line. This is one of the best ways of proving the truth of the 
A 3 rrton equation. It will be noticed that this equation is of the 
same form as that for the spark discharge (p. 561). 

I Rasch, Das elektr. liogenUcht, 1910. 
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If E' is the electromotive force of the battery producing the arc, 
then ii a = (x. yl, b = p hi, R the resistance of the rest of the 
circuit, 

E^ = Rz ^ .( 2 ) > 

we see that the graph representing this relation is a hyperbola. 
E' has a mmimuTn value at the point A, this value is 

2VbR + a. 

The portion of the graph to the left of A corresponds to an unstable 
state. To investigate the instability take the more general case when 



Fig. 228. 


the potential diSerence between the electrodes of the arc is F (i). 
Suppose the current is changed from the steady value Zq to Zq x and 
that there is self-induction L in the external circuit, then from (2) 
we have 




= R {zq + x) + F (Zq + x ), 


or when x is small 



dx 

dt 


= xlR + F' (i,)l 


where 


and therefore 



X ~ C€ 


- r m + F'ilo)] 


li R -h F' (^Q) is negative, x will increase indefinitely with t and 
the current will be unstable; at A this quantity is zero, to the left 
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of A. it is negative and to the right positive. Thus for stability the 
current cannot be less than its value at A, i.e. if 

F {i) = a 

% 

hence if is the minimum current, the minimum external 
electromotive force, we have 

— 2 {bR)^ + a, 

or if the external electromotive force is E the arc will go out if 
the resistance R in the external circuit is greater than 

(E - a)^ 

4b ■ ' 

Thus as one numerical example let us take the case of the 
arc 6 mm. in length for which the curve representing the relation 
between the current through the arc and the potential difference 
between the terminals is represented in Fig. 226; from the curve we 
find that b = 3*4 x 10® in absolute measure; we may take a as about 
40 volts, or in absolute measure 4 x 10®. If E the electromotive force 
in the external circuit is 80 volts or 8 x 10® absolute units, we find 
that the arc will go out if the resistance is greater than 

16 X 1018 

. - q"-; - TTjft = 1*2 X IQi® = 12 ohms. 

4 X 3-4 X 10® 

Another way of treating the problem of the arc graphically is, 
instead of tracing the curve 

E = Ri + F (i), 

to trace the curve 

y = F (i) 

and the straight line 

y = E — Ri\ 

let these intersect in two points P and Q (Fig. 229). The state cor¬ 
responding to P is unstable because the slope of the straight line 
which is equal to R is not so steep as that of the tangent to the 
curve, hence R F‘ ( io) is negative. The current under the given 
external electromotive force and resistance is represented by the 
abscissa of the point Q\ if the resistance is too great the line may 
not cut the curve at all, while if it is too small the point Q may 
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be so far away that the corresponding value of the current may be 
too great for a silent arc and a hissing arc will necessarily be formed. 



Fig. 229. 

The minimum current for a given external resistance is got 
by finding the point S where the tangent to the curve is parallel 
to the line y ~ — Ri. The current at S is the minimum current, 
and the value of OT, T being the point where the tangent at S 
cuts the axis i = 0, is the minimum external electromotive force. 

To find the maximum value of It for which the arc can exist 
under a given external electromotive force E-^ take ON = E-^, and 
from N draw a tangent to the curve; let this tangent cut the 
axis ?/ = 0 in My then ONjOM is the required resistance. 

The Singing Arc. 

Duddell* and Simon ^ have shown that the property possessed 
by the arc, that the potential difference between the terminals falls 
as the current increases, can be applied to produce undamped 
vibrations of a circuit consisting of a condenser and inductance. 

1 DuddcU, Eltciriciariy xlvi. p. 269, 1900; li. p. 902, 1903. 

2 Simon, Phys. Zeiis. vii. p. 433, 1906. 
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Suppose A, B are the terminals of an arc fed by a circuit which 
has great inductance, so that the current I through the leads may 

e regarded as constant, then if x is the current through the arc 
y that round the oscillating circuit, 

I = X y. 



Fig. 230. 


Then going round the osciUating circuit we see that the drop in 

potential from ^ to 5 is Ry, due to resistance, L ^ due to indue- 

at 

tance and QfC due to the condenser; R is the resistance, L the 

inductance of the circuit, C the capacity of the condenser and Q the 

charge. dQjdt ~ y, hence if Eq is the difference of potential between 
the terminals of the arc, 


Differentiating with respect to t, 

dE^ dx dEfy dy 

dt dx dt dx di* 

since x + y is constant; hence 

_ d^ 

dx dt dt^ ^ ^dt C' 
dE 

Now is negative, and if it is chosen so that it is equal to 
the equation becomes 


-R, 


so that the oscillations are undamped. 
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The arc acts like the escapement of a clock; when y is increasing 
a: is diminishing and therefore increasing, so that there is a force 
tending to increase ?/, while after y changes sign, when it is numeri¬ 
cally increasing a? increases too and the difference of potential falls 
and thus tends to increase the negative amplitude of y. 


Distribution of Potential. 

The distribution of potential between the terminals generally 
shows the following characteristics: there is a considerable fall of 
potential close to the anode, a 
smaller one close to the cathode, 
and a very gentle potential gradient 
in the space between the terminals; 
the general nature of this distri¬ 
bution is shown by the curve in 
Fig. 231: the curve shows many of 
the characteristics of the distri¬ 
bution of potential between two 
hot electrodes in flames; see Vol. i. 
p. 404. 

The potential difference be¬ 
tween the electrodes may thus be 
regarded as made up of three components: the potential fall at the 
cathode, that in the gas between the electrodes, and that at the 
anode; it would be a great step if these could be determined 
separately. The methods of determining the distribution of poten¬ 
tial in the arc are most unsatisfactory, and the values obtained by 
different observers so discordant that probably the results obtained 
in terms of the Ayrton equation are the best available. 

According to Mrs Ayrton^, Grotian^, Kohn and Guckel3: 

a 



Cathode 


Anode 


Fig. 231. 


cathode fall = 


5 ’ 


anode fall 


_ ^ a- ^ 

“ 5 “ i ’ 


gradient in arc = y -f- — . 

% 


1 Mrs Ayrton, The Electric Arc. 

2 Grotian, .-Imm. d. Phys. xlvii. p. 141, 1915. 

3 Kohn and Guckcl, Zeita, f. Phys. xxvii. p. 305, 1924. 
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The AjTTton constants depend on the nature of the electrodes. 
A few examples are given in the following table; 



a 


T 

Y 

8 

Authors 

Carbon 

Silver 

Copper 

Iron 

38-9 

19-0 

15-2 

150 

2-0 

' 11-4 

10-7 
9-4 

16-6 

14- 2 
21-4 

15- 73 

10-5 

3-6 

3-0 

2-5 

A3Tton 

Guye and Zebukoff 

99 99 

>> 9f 


They depend also on the gas through which the discharge passes, 
as the following table by Kohn and Guckel shows: 


Carbon Arc. 



Stagnant air 

Stream of air 

Ar 

O 

O 

N, 

a 

35-7 

1 

1 

44-1 

24-8 1 

44-5 

48-2 

/9 

3-0 

2-6 

0-9 ' 

1-7 

2-6 

y 

114-6 

17-8 

10-2 ! 

18-2 

23-3 

5 

1-8 

1-8 

1 

8-7 

[ 

5-3 


Eider gives the following values for a carbon arc at different 
pressures: 



a 


y 

1 

a 

740 

38-5 

2-15 

; 56 

1 

i 6-1 

200 

35-5 ! 

1-84 

39 

8-2 

50 

33-7 

1-22 

30 

10-6 

5 

1 

27-5 

1 

1-2 

0 

1 

160 


Hageiibach and Eider* find that the total potential difference 
can be expressed in the form 

a log p 4- 6. 

Another empirical formula put forward by Nottingham^, 

V ^ A 

seems to give accurate results for many metals when the anode 

1 Hagciibach and Bider, Arch Scien. phys. et ruit. viii. p. 153, 1926. 

2 Nottingham, Jour. Amer. Inst. E.E. xlii. p. 12, 1923. 
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reaches a definite temperature fixed by its boiling point. A and B 
are constants depending on the length of the arc and the metal, and 

n = 2*62 X 10-^ T, 

where T is the boiling temperature of the metal. 

The potential gradient in the gas between the electrodes is 
of special interest in connection with the view that this part of the 
discharge is of the same nature as the positive column in the glow 
discharge. The value in the carbon arc in air at atmospheric 
pressure is of the order 27 volts/cm. Taking the temperature of the 
arc as 3000° K. the density of the gas would be about one-tenth of its 
value at atmospheric temperature. With very small currents in the 
glow discharge the potential gradient at this density would be 
about 3000 volts/cm., a quantity of quite different order. We see, 
however, from p. 369 that in the glow discharge the gradient in the 
positive column diminishes to very much smaller values when the 
current density increases; thus we see from Fig. 141 that when the 
current density is about 40 amp./cm.^ the potential gradient is only 
about 50 volts/cm. The diminution in the gradient with increased 
current involves very interesting physical considerations, but these 
apply to the glow discharge as well and have already been con¬ 
sidered. We may regard the discharge between the electrodes in 
the arc as of the same nature as the positive column in the glow 
discharge. 


Theory of the Arc Discharge. 

The thermionic emission of electrons from hot solids affords an 
explanation of the arc discharge. An incandescent body, such as a 
piece of carbon, even when at a temperature far below that of the 
terminals of the arc, emits electrons at a rate corresponding to a 
current of the order of an ampere per square centimetre of incan¬ 
descent surface. The rate of emission increases very rapidly with 
the temperature, and at the temperature of the negative carbon in 
the arc corresponds to a current of a large number of amperes per 
square centimetre. If a piece of carbon were maintained by inde¬ 
pendent means at this high temperature, and if it were used as the 
negative electron, a current could be sent through a gas to another 
electrode, whether this second electrode w’ere cold or hot. 
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Unless there is some ionisation and production of positive ions 
between the cathode and anode, the current will be carried entirely 
by negative ions; there will be a negative space-charge between the 
cathode and the anode which with such currents as occur in 
arcs would require very large potential differences. A feature 
distinguishing the arc from the glow discharge is the high tem¬ 
perature of the anode. This is so high that the anode vaporises, 
the vapour combines with the gas through which the arc is passing 
and forms a flame in which there is a plentiful supply of positive 
and negative ions; though only a small fraction of the current at 
these high temperatures is carried by the positive ions, the positive 
ions minimise the effect of the space-charge by diffusing into the 
region of the arc until they are about as numerous as the electrons. 
When this is so the electric force is sensibly uniform between the 
electrodes except in their immediate neighbourhood. 

The flames at the anode are sometimes a very striking feature 
of the arc* and changes in the chemical processes occurring in them 
influence the potential difference between the electrodes. 

We may compare the arc to the discharge between two hot 
terminals immersed in a flame, the difference being that in the 
flame the temperature of the terminals is maintained by indepen¬ 
dent means, while in the arc it is maintained by work done by the 
discharge itself. On our view of the discharge, the temperature of 
the cathode is raised by bombardment by positive ions to such a 
high value that it emits electrons; these, which carry by far the 
greater part of the current in the arc, bombard the anode and keep 
it at incandescence. They ionise either by collision, or indirectly 
through the chemical combination of the vapour coming off the 
anode with the surrounding gas, and produce in this way the supply 
of positive ions which keep the cathode hot. It will be seen that the 
essential feature of the discharge is the hot cathode, as this has to 
supply the electrons which carry the current; the anode has in 
general to be hot, otherwise it could not supply the positive ions to 
heat the cathode. Stark in a paper^ published almost simultaneously 
with the first edition of this book, gave a theor^^ of the arc which in 
its main features agrees with that just described. The conditions 


1 Hagoiibach and Veillon, Phys. Zeiis. xi. p. 833, 1910. 

2 Stark, d. Phys. xii. p. 673, 1903. 
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that determine the current when a given potential difference acts 
between the terminals is that the work supplied to the cathode and 
anode should be sufficient to keep them incandescent. Although we 
have not the data which would make a numerical calculation 
possible, yet the expression in an analytical form of these conditions 
may serve to make the preceding theory clearer and more definite. 


Let f {6) be the number of electrons emitted from unit area of 
the cathode when its absolute temperature ia 6; if cui is the area of 
the luminous part of the cathode, the number of electroDS coming 
per second from the cathode is co^f (6). If i is the current, and R 2 
the velocities of the positive and negative ions respectively under 
unit electric force, the part of the current carried by electrons is 
V(-^i + -^ 2 ); this, when divided by e, the charge on an electron, 
must equal the number of electrons coming from the cathode per 
second, hence we have 


R. 


R^ “j- R2 ^ 


- = «"!/ ( 6 ) 


( 1 ) 


Let us now consider the temperature equilibrium of the cathode. 
Let (6) be the rate at which it is losing heat by radiation and 
conduction, w the work expended when the cathode emits one 
electron, then to maintain thermal equilibrium the rate at which 
energy must be given to the cathode is 


w R2 
c R-^ -f- 


i H- (0) \ 


this work has to be supplied by the positive ions coming up to 
the cathode in unit time; the number of such ions is 



We shall suppose that the energy they possess is got in passing 
through the fall of potential at the cathode; let this fall be denoted 
by Eq, then equating the rate at which energy is communicated to 
the cathode to the rate at which the cathode is losing energy we get 


or 




/^j -f R 2 (f> {0) 

Ri T •' * 
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Let be the temperature and the area of the hot part of 
the anode, the rate at which it is losing energy by radiation, 

conduction, and vaporisation, W the amount of work required to 
produce a positive ion. 

The number of positive ions produced in unit time is 

i?i i 

thus the work absorbed per second at the anode is 


+ R^TR^ ^ • 

The number of electrons striking against the anode in unit time is 


Ri i 
B~-r Rz ~e ’ 

let us suppose that the energy with which they strike against 
the anode is that due to passing through the anode fall of potential 
; equating the rate at which the anode is losing energy to that at 
wliich it is gaining it, we have 


thus 


if. 'hi.'-'" «j + f 


R. 


i 


R, 


( 3 ); 


02 , as we have seen, does not depend on the current but only on the 
material of which the anode is made. 


If E is the external electromotive force acting on the circuit, 
R the resistance of the leads, then E — Ri is the potential difference 
between the arc terminals; when the arc is so short that we may 
neglect the changes in potential along the arc, apart from those at 
the anode and cathode, this difference of potential is equal to 
Eq -r Ell hence we have 

E - Ri = E^ E^ .(4). 

thus we have four equations (1), (2), (3), and (4) to determine the 
four quantities 0, i, Eq^ and E^. 

Mrs AjTton has shown that cog, the area of the crater, is a linear 
function of the current and may be represented by an equation of 
the form oj., = a bi \ \i oj^ follows the same law, then equations (2) 
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and (3) suggest that + E-^ .will be of the form a + where a and 

% 

p are independent of i, and this is in accordance with the results of 
experiments. 

Proportion of Current carried by Electrons. 

K. T. Compton^ has applied the energy conditions at the cathode 
to estimate the proportion between the current carried by electrons 
and positive ions in the arc, making plausible assumptions about 
the magnitude of the losses by conduction and radiation. For the 
carbon arc in air he estimates that only about one-fortieth of the 
current is carried by the positive ions. For a tungsten arc inhydrogen 
about one-tenth is carried by the ions. In the normal glow discharge 
the current carried near the cathode by the positive ions is much 
greater than that carried by the electrons. 

The application of the method to the mercury arc led to im¬ 
possible results, unless the evaporation of mercury from the surface 
of the cathode was much less than that found by Giintherschulze^. 

Von Issendorff 3 could not detect any abnormal evaporation from 
the ‘hot spot’ on the cathode in the mercury, and KobeH came to 
the conclusion that this evaporation was at most a small fraction 
of that from the total area of the cathode. 

Stark observed that the spectrum given by the hot spot on the 
cathode was in part continuous and he attributed this part of the 
spectrum to light given out by liquid mercury, indicating that this 
was at a high temperature; RambergS has shown, however, that 
the ‘ hot spot ’ on the anode also shows a continuous spectrum, so 
that any conclusion which can be drawn from this must apply to 
both electrodes. 

Low Voltage Arcs. 

Many cases have been observed where the potential difference 
between the electrodes of arcs in helium, argon, neon and mercury 
is less than the ionising potential of these gases. In some cases, at 

1 K. T. Compton, Phya. Rev. xxi. p. 266, 1923; xxxvii. p. 1069, 1931. 

2 Giintherschulze, Zeita. f. Phya. xi. p. 74, 1922; xxxi. p. 509, 1925. 

3 Von Issendorff, Phya. Zeila. xxix. p. 857, 1928. 

4 Kobel, Phys. Zeits. xxx. p. 233, 1929. 

5 Ramberg, Ann. d. Phys. xii. p. 319. 1932. 
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any rate^ it has been found that the electric force is in the negative 
direction in parts of the arc next the' anode, so that the difference 
of potential between the electrodes is less than that between the 
cathode and the place where the electric force is reversed; this 
difference may be equal to or greater than the ionising potential, 
while that between the electrodes is less. In the places where the 
field is negative the currents may be carried by diffusion of the 
electrons. There are other ways in which a potential difference 
less than the ionising potential might be supposed to produce 
ionisation. For example an atom which had been struck by one 
electron might be struck by another before it had lost the energy 
gained by the first collision. Or the atom might have been put 

in the excited state by a collision with a photon immediately 
before one with an electron. 

Non-Arcing Metals. 

With some metals as terminals the arc has a great tendency to 
go out and is only maintained with difficulty; brass, cadmium and 
bismuth aie examples of such metals. For some purposes this is a 
very useful property. A great deal depends upon the size and shape 
of the terminals, as well as upon the material of which they are 
made. Conditions which promote a rapid flow of heat from the 
iiot surfaces of the terminals favour the extinction of the arc. 

These metals give what are sometimes called ‘ cold arcs,* as there 
is no direct evidence that the temperature of the cathode is high 
enough to produce appreciable emission of electrons. 

These metals have the following properties: 

If the arc is extinguished by breaking the circuit it will not start 
again on remaking the circuit unless the interv^al between the two 
operations is exceedingly small. With carbon or tungsten cathodes 
the interval may be very much longer, alternating currents of much 
lower frequency can pass between carbon electrodes than is possible 
with non-arcing metals. 

The hot spots, the places on the electrode from which the arc 
stai'ts, move about more rapidly on electrodes of these metals than 
on carbon ones. 

I K. T. Coini>ton and Eckhart, Phyn. Jiev. xxv. p. 139, 1925. 
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A very instructive experiment, due to Seeliger, on this difference 
is represented diagrammatically in Fig. 232. If the carbon electrode 



Fig. 232. 

is anode, the arc wanders upwards until it gets to the end of the 
electrode; if the carbon is cathode, the cathode remains anchored 
and the anode wanders up the tube until the arc breaks. 

Arcs froyn Volatile Metals. 

The theory that the arc is maintained by thermionic emission 
from the cathode is generally accepted for arcs where the boiling 
point of the cathode is so high that the thermionic emission at that 
temperature is sufficient to account for the current carried by the 
arc. Objections have been raised to its application to such metals 
as mercury and copper, which boil at temperatures far lower than 
those at which thermionic emission is appreciable. It is ui*ged that 
the temperature at the surface of the cathode cannot be much 
higher than the boiling point. 

It does not seem to us that this objection is at all conclusive. 
The temperature we are concerned with is that of a tliin layer at 
the surface only a few molecules thick. Consider the state of affairs 
at the surface of a mercury cathode; it is being bombarded by 
mercury ions with the energy corresponding to 10-2 volts, the 
cathode fall in mercury, this is comparable with the energy 
possessed by molecules at a temperature of about 90,000° K. These 
molecules are not in random motion, their velocity is in the opposite 
direction to that of a mercury molecule making its way to the 

38-2 
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surface to evaporate. The first few coUisions made by the ion or by 
the molecules it has struck will tend to drive back mercury mole¬ 
cules approaching the surface, and thus tend to stop evaporation 
while increasing the energy of the molecules in a layer close to 
the surface; thus a dense stream of molecules might increase the 
temperature of a layer a few molecules deep at the surface of the 
mercury to a very high value without increasing the evaporation 
from it. The motion of the molecules in this layer caused by the 
impacts with the ions would not have a Maxwellian distribution, 
and the increase in the energy would not be accompanied by a 
corresponding increase in the rate of evaporation. Deeper down in 
the mercury the velocities would acquire a random distribution; 
the temperature would rise but not to anything like that of the 
surface layer, the surface layer would evaporate but not at a much 
greater rate than that corresponding to the temperature some way 
below the surface. Consider the case of a mercury arc with a current 
density of 1000 amp./cm.if 10 per cent, of the current is carried 
by the positive ions, as these have fallen through a potential 
difference of about 10 volts, the energy communicated per second 
to 1 cm.2 of the surface layer is 

100 X X 10 X 10® = 10^® ergs = 240 calories. 

Taking the specific heat of mercury as *03, this would in one 
second raise 1 gram of mercury 8000° C., or a layer of mercury 
10-e cm. thick 6x 10® °C.; the temperature of 3000° C. which 
w’ould be sufficient to produce great electronic emission could be 
attained in 3000/6 x 10® second. This is only about five-millionths 
of a second. Thus the fact observed by Stolt^ that the arc can pass 
to a cathode rotating with great velocity, so that the hot spot is 
being continually formed on the cold cathode, is not inconsistent 
with the thermal view of the origin of the arc. 

Langmuir 2 has advanced the theory that the ejection of the 
electrons from the cathode of arcs in such metals as mercury is due 
to the extraction of electrons from the cathode by the strong field 
at its surface, the phenomenon called by the peculiarly inappro¬ 
priate name of ‘auto-electronic emission.' At the cathode of the 

1 Stolt, Ann. (1. Phys. Ixxiv. p. 80, 1924; Zeits. f. Phijs. xx\’i. p. 95, 1924; xxxi. 
p. 240, 1925. 

2 Langmuir, General Electric Peview, xxiii. p. 735 , 1923. 
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mercury arc there is a fall of potential of 10 volts in an exceedingly 
short space, so that the electric field at the cathode must be very 
intense. The expression for the density 7, measured in amperes per 
square centimetre, of the current due to auto-emission is given, 
according to Stern, Gossling and Fowler*, by the equation 

7 = 6-2 X 10-6--^2_^-C.8xlO*xV 

(X + 

F is the force in volts per cm., x work required to take an 
electron from the metal, fj, a constant, taken by the authors as 
5 volts. If we take for mercury x ~ ^ volts, then 

7 = 6-2 X 

Nagaoka and Suguira (see p. 575) measured the value of F (at 
the anode) by the Stark efiect for a number of metals. The greatest 
value they found was for silver, where F = 180 kilovolts, so that 
F = 1-8 X 105. 

Substituting this value we find 

7 = 6-2 X lO-"". 3-24 x lO^^ 

a quantity which is vanishingly small in comparison with the 
observed value of 7, which may be several thousand; even if F = 10’ 

7 = 6-2 X 10-’c’5^ 

which is again vanishingly small. Hence unless there is a very 
serious error in either the theory or experiments the auto-electronic 
emission is not nearly large enough to account for the arc discharge. 

When the wire is itself hot enough to emit electrons without the 
aid of an external field, the efiect of this is (see de Bruyne, Proc. 
Roy. Soc. cxx. p. 423, 1928) to multiply the emission by 

^ liT 

where e is the charge on the electron. We find again that fields of the 
intensity of those measured by Nagaoka would not produce any 
appreciable effect. 

I Stern, Gossling and Fowler, Proc. Roy, Soc. cxxiv. p. C99, 1929. 
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Similarity Relations for Hot Discharges, 

The similarity relation in the form given on p. 531 does not apply 
to discharges, such as the arc or the later stages of the spark, in 
which thermal ionisation is important. If we have two similar 
systems A and B, the linear dimensions of A being I times those of 
B, and the pressure in B I times that in A, and if the potentials 
are the same in both, the velocities of the ions are the same at 
corresponding points, whether they depend on the potential 
differences, as at low pressures, or on the field as at high. Hence the 
cm-rent densities i are proportional to the densities of the ions, but 

dW 

= — 47rp and V is supposed the same in both systems, 

jD in ^ is Z -2 times its value in B. Thus i in A is times i in B 
(rf . p. 442). The heat generated in corresponding volumes in A and B 
is as iP since V is the same, it is therefore the same in both systems. 
Not so the heat lost for the same distribution of temperature. 

varies as (area x temperature gradient), 
i.e. as I, since the conductivity does not depend appreciably on 
the pressure. Hence if one system is in thermal equilibrium the 
other can only be so if the temperature distribution is changed. 
If the temperature influences the ionisation, the whole nature of the 
discharge may be different in the two cases. 
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‘Abnormal* discharge, 320, 417 
Absorption of electrons, 181 
of gas in discharge, 466 
of positive rays, 134 
of X-rays, 231; theory of, 249 
of X-rays near absorption edge, 235 
After-glow, 443, 444, 445 
Alpha rays, 143 et seq., 176 
Angular ^stribution, of photo-electrons, 
244 

of recoil electrons, 268, 270 
of scattered electrons. Chap. II passim^ 
37, 53, 59, 61 

of scattered X-rays, 252, 256, 266, 
270, 274 

of secondary electrons. 96 
Anode, dark space, 402 
potential drop at, 401 
Anode rays, 405, 500 
Arc, electric. Chap. X, p. 574 
Aston dark space, 342 
Asymmetry of photo-electrons, 244 
of scattered X-rays, 253, 261, 274 
Atomic hydrogen, critical potentials of, 
73 

Atomic number, 157, 225 
Atomic scattering curve for electrons, 
37, 42, 53, 59 

Atomic scattering of electrons, 58 
Auger effect, 229, 239, 240 
Auto-electronic effect, 492, 499, 525, 597 

Band spectra, 76 

Bomb, electric, 557 

Bragg curves, 145, 147, 150 

Branched sparks, 569 

Branched tracks, 101 

Brush discharge, 532, 545, 546 

Bubbling, conductivity due to, 285 

Calcium tungstate, phosphorescence of, 4 
Cathode fall, of potential, 294, 320, 323; 
tables, 329, 331, 332 
of potential in magnetic field, 335 
OBthode rays, Chap. I, p. 1 
apparent repulsion of, 14 
chemical action of, 5 
ionisation by, in dark space, 295, 305— 
323, 327-330 

magnetic spectrum of, 11, 322 
nature of, 2, 8 

oscillograph, used to investigate 
sparks, 524 
path of, 11 

phosphorescent effects, 1, 2 


Cathode rays {continued) 
shadows caused by, 1, 319 
used to investigate field in the dis¬ 
charge, 298, 384, 418 
wave properties of. Chap. II, p. 17 
Characteristic curves of arc, 578, 581 
et seq. 

Characteristic equation, 426, 561 
Characteristic X-rays, 224, 238 
Charge, loss and gain of, by alpha rays, 
161 

loss and gain of, by positive ions, 118, 
123, 128, 130, 136 
of cathode rays, 8 
on ions in electrolytic gas, 280 
Chemical action, ionisation due to. 
Chap. VII, p. 278 

Clouds produced by chemical action, 279 
Cohesion dielectrique, 510 
Collisions of electrons with gas mole¬ 
cules, elastic, 43 et seq. 

Compton effect, 256, 266, 272 
Concentration of discharge on axis of 
tube, 305 

Conductivity of gas in discharge, 352, 
399, 436, 437 

Corona discharge, 549, 550, 552 
Crater of arc, 579, 592 
Critical pressure for sparks, see IVlinimum 
sparking potential 

Cross-section, of molecules for electron 
collisions, 47 et seq. 
of molecules for protons, 124, 126, 128 
Crystal structure, 19, 24 
Cubic crystals, 24 

Current density, effect on striations, 394 
at cathode, 345 

in positive column, 367-372, 378 
Current, from discharging points, 539 
in corona, 552, 553 

Dark space, Aston, 342 
Crookes, 293 et seq. 

Crookes, length of, 326, 329, 346, 
423; tables, 424 
Faraday, 293, 358 
near insulated plate, 343 
radiation from, 335, 360 
theory of ionisation in, 305—323, 425 
Delta rays, 170, 194 

produced by positive rays, 201; see 
also Secondary electrons 
Density of ions in discharge, 338,350,398 
Diffraction, electronic, by crystals, 20 
electronic, powdered crystals, 25 
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Diifraction {continued) 

electronic, by ruled gratin^, 33 
electronic, by single crystals, 33 
electronic, by solids, 32 
electronic, by thin films, 26 et seq., 34 
electronic, in gases, 61 
of X-rays, 264 

Disintegration of the cathode, see 
Spluttering 

Dissociation of gases by electronic im¬ 
pact, 84 et seq. 

Dry gas, sparks through, 471, 474, 506 
Dry gases, lag of sparks in, 473, 474 

Edges, sparks from sharp, 569 
Electric force, see Potential gradient 
Electrical wind, 544 
Electrodeless discharge, 431, 453 
absorption of gas in, 467 
Electrodes, effect of, on cathode fall of 
potential, 324, 329 
^ effect of, on sparking, 476, 486, 519 
Electrol 3 'tic gases, ions in, 279 
Electron, wave properties of. Chap. II, 
p. 17 

Elec trons, diffraction of, see Diffraction 
Energies, critical, for electron colli.sions, 
64 ct seq. 

Energv. loss of, b^’ alpha raj'.s, 152, 165 
mean, used in ionisation, 103, 150, 
160, 169. 236 

transferretl in elastic collisions, 44 
tran.sferred in inelastic collisions, 90; 
theory of, 98, 109 

Energy distribution, of delta ravs, 171, 
197, 198 

of delta raj's from positive ions, 203, 
205, 207, 209, 217 

of secondary electrons, 100, 180. ,307 
of secondary electrons due to helium 
ions, 217 

of secondary electrons due to meta- 
stablc atoms, 213 

of secondarv electrons due to X-rays, 
227, 232,‘238, 244, 269 
Entladungstralilen, 336 
Evaporation in arc, 593 
E.xcess scattering of X-rays. 253, 261 
Excitation, probability of, 105, 115 

Field, ele<-tric, see Potential gradient 
“Fish' tracks, 229, 251. 256 
Focus of cathode rays, 14, 323 
hhee paths, of a-particles for loss of 
cliargc, 163 

of ions in dark space, 302 
of positive ions, 124—128 
of positive ra\-s, 137-141 

Gamma raj's, nuclear scattering of, 277 
scattering of, 273 


Gas layers, effect on cathode fall of 
potential, 320, 326, 330 
effect on cathode spluttering, 465 
effect on secondary electron emission, 
191, 199, 201, 209, 211, 215, 218, 
3189 320 

effect on sparking potential, 507 
Geiger-Bothe experiment, 272 
Geiger counter, 144, 176, 272, 539 
Glass, phosphorescence of, 5 
Glow, blue, 339 


Glow discharge, from points, 533; see 
also Discharge at low pressures. 
Chap. VIII 


Heated salts, ionisation due to, 284 
Heating effect in spark, 529, 560 
Heating effects of cathode rays, 7 
Higli pressures, sparks through gases at, 
490 

High voltage discharges, 566 
Hissing arc, 578, 580 
* Hot spot’, 580, 593, 594 
Hydration of salts, ionisation due to, 283 
Hydrogen, striations in, 381, 395, 396 


Image force, 494, 496 

Impact, successive, ionisation by, 79 

Impulse ratio, 523 

Impurities, effect in electrodeless dis¬ 
charge, 440 

effect of, on striations, 381, ,382, 392 
effect on discharge from point, 543 
effect on potential gradient of positive 
column, 370 

effect on sparking potential, 471, 474, 
4S4, 487, .507, 519 

Inelastic collisions, of electrons, 59, 61, 
64 et seq., 180 

of electrons, probability of, 105, 115 
Intermittent arc, 582 
Intermittent discharge, 321, 372, 373, 
417, 447, 453 
Ionisation, by a-rays, 143 

by collision, theory of. 96, 169, 172 
hy electrons. Chap. Ill, p. 43 
by electrons, ofticienev of, 91 
by electrons, in dark space, 305 et seq. 
by fast positive rays, 132, 172 
by neutral atoms, 119, 131 
by protons, 129, 132, 172 
by slow positive ions, 120 ; in spark, 
512 ct seq, 

cocflicient for X-rays, 238, 243 
meai» energy of, 103. 150, 160, 169, 236 
potential, separation of, from re¬ 
sonance potential, 71 
secondary, 95, 101 

seconilary, in discharge, 307-309, 312- 
3IS 
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Ionisation potentials, 64 et seq. 
table of, 80 

by mass spectrum method, 81 

J transformation of X-rays, 256 

Lag, regular’, 474, 523 
Lag of sparks, 471-475 

as probability phenomenon, 473, 511 
between points, 530 
Lightning, see Thunderstorms 
Lithium chloride, luminosity of, 4 
Low voltage arc, 593 
Luminosity, appreciable in dark spaces, 
33o, 360 

Magnetic deviation of cathode rays, 11 
Magnetic field, effect on dark space, 332 
effect on discharge potential, 411 
effect on lag of spark, 475 
effect on negative glow, 349, 406, 415 
effect on positive column, 409, 413 
effect on spark, 565 
effect on striations, 409, 414, 415 
^lass spectrum method for investigating 
ionisation potentials, 81 
Mechanical action of cathode rays, 7 
Mercury arc, 574, 595 
Mercury atoms not ionised by surface, 211 
Mercury ions inefficient in producing 
secondary electrons, 218, 318 
Mercury vapour, dark space in, 317 
Metallic vapours, velocity in spark, 564 
Metastable atoms, sccontlary electrons 
due to. 211 

Mica, diffraction by, 34 
Minimum discharge potential from 
point, 536 

Minimum sparking potential, 478: table, 
487 

Mobility of ions, deduced from corona 
<lischarge, 556 
due to splashing, 287 
from points, 536 

proriueed hy chemical action, 280, 282 
Molec ular seattering of eloetrons, 61 
Multiply charged ions, 79, 89, 92. 94. 
136,151 

Negative glow, 349 
Negatively charged ions, 89 
Neon lamps, throbbing of, 453 
‘Non-arcing’ metals, 594 

O.seillations of ionised gas, 3.53 
in discharge, 447 

Pasehen’s law, 486 

Phosphorescence, due to after-glow, 446 
due to cathode i-av.s, 1, 2 
due to radiation, 336 


Phosphorescence {continued) 
due to X-rays, 222 
Phosphorus, ionisation due to, 281 
Point-counter, see Geiger counter 
Points, discharge from, 530, 532 et seq., 
545, 546, 567, 568; critical field at, 
548 

sensitive, 539 

Polarisation, at electrodes of a discharge, 
455, 519 

of scattered X-rays, 260, 270 
Polarised X-rays, asymmetry of elec¬ 
trons produced by, 245, 248 
Positive column, 293, 362 
striated, 380 

Positive rays, free path of, 140 
ionisation by, 132, 172 
range of, 134, 172 
reflection of, 219 
scattering of, 141 

Potential, cathode fall of, *'ee Cathode 
fall of potential 

gradient in arc, 575, 581, 587, 597 
gradient in Crookes dark space, 298, 
300, 418 

gradient in discharge, influence of 
magnetic field, 411 
gradient in Faraday dark space, 360 
gradient in positive column, 367, 372, 
380; tlieory of, 373 
gradient in striations, 383, 393; theerx”^ 
of, 387 

Pressure, effect of, on striations, 395, 397 
influence on .sparkiiig potential, 480, 
490 

in corona, 560 
in .spark, 556 

1 Vi mary dark sjjaccs, see Aston dark space 
Probe, Langmuir, 350, 387 
l^roportion of current carried by elec¬ 
trons, 214, 318, 321; in arc, 593 
Protons, fast, produced by collision, 172 
Pseudo-high vacua, 456 

Radiation caused by electron impact, 
64, 73, 105, 115‘ 
from <lark spaces, 335, 360 
from discharge qucnclicd by electric 
field, 342 

from sjjarks, 521,543 
Range, of x-rays, 145, 168 
of electrons, 1 11 
of positive rays, 134, 172 
of protons, 173 
of ri'coil at runs, 155. 174 
of recoil <deetr<ni.s, 268 
Recoil atoms. 15.5, 174 
Recoilclcc trons, 268; see also Fish tracks 
Recombination <if electrons anci ion.s, 
connection withluininositv. 337, 3t)4 
Rectifiers, 428, 582 
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‘Reflected’ electrons, 183 et seq.; see 
also, p. 32 

Reflection, of positive ions, 207,208, 210 
of positive rays, 219 
of slow ions, 221 

Repulsion of cathode rays, apparent, 14 

Resonance potential, see Inelastic col¬ 
lisions 
table of, 80 

Rocksalt, colour changes in, 4 
diffraction by, 4, 36 


Scattering, of electrons in inelastic 
collisions, 59, 108 
of positive ions, 125, 128 
of positive rays, 141 

X-rays, 231, 251; theory of, 256, 

of X-rays in hydrogen, 251 
of X-rays near absorption edge, 272 
Scattering coefficients of X-rays, tables, 
254, 255 

Scattering curve, atomic, for electrons, 
37, 42, 53, 59 
Scintillations, 178 

Secondary electron emission, due to 
X-rays, an additive property, 243 
due to X-rays, change of near absorp¬ 
tion edge, 241 
from anode, 403 
from gases, energy of, 100, 306 
from solids, 183; .see also Delta rays 
and Secondary electrons caused by 
positive ions 

Secondary electrons, caused by positive 
ions, 206 et seq., 296, 310; influence 
on spark, 517 
due to gamma rays, 275 
due to helium ions, 215 
due to metastable atoms, 211 
due to X-rays, 228, 237, 238, 268 
Secondary ionisation in dark space, 306, 
314 

Selective absorption of positive ions, 124, 
127 

Sheath, positive ion, 350, 430 
Similarity relation, 422, 531, 598 
Singing arc, 585 

Sodium-potassium alloy, emission of 
electrons from, 289 

Sommerfekl's theory of metals, 213, 499 
Space-charge, (>6, 362, 394, 426, 514, 557 
Spark discharge. Chap. IX, p. 470; 
theory of, 511 

Sparking potential, effect of direction of 
discharge, 505, 533, 568 
for very short sparks, 492 
in air, 475, 501, 566; tables, 502, 504, 
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^ in other gases, 479, 483-488,...^5:^509 
*■ minimum, 478; table of, 487 
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Spectra, arc, 75 

Bohr’s theory of, 64 
molecular, 76 
single line, 76 
spark, 75 

Spectra, X-ray, 224 
Sphere tracks, 229 
Splashing, conductivity due to, 285 
Spluttering, cathodic, 458, 468 
Stability of arc discharge, 584 
Stark effect, 303 

Stopping power, for a-rays, 156-161, 167 
for electrons, 114 

Striations, 292, 380, 417; see also 

Magnetic field 
from point discharge, 542 
in arc, 575 

in electrodeless discharge, 443 
moving, 399 

near insulated plate, 343 
with hot cathode, 535 
Structure factor, 23 
Successive impact, ionisation by, 79 
Sudden sparks, 523 

Temperature, effect on sparking po¬ 
tential, 491 

in arc, 574, 577, 579, 581, 589, 596 
no influence on X-ray absorption, 235 
of ions in discharge, 351, 375, 390 
of positive column, 364 
variation of auto-electronic emission, 
499 

Thermolumineseence, 5 
Throbbing discharge, 321, 453 
Thunderstorms, 289, 570 
Thyratron valves, 429 
Tracks, IX’ilson, see Wilson tracks 

Ultra-violet light, effect on lag of 
spark, 472 

Ventilation, discharge in absence of, 569 

M’avc properties of cathode rays* Chap. 
11, p. 17 

AVaves through ionised gas, 353 
Willemite, phosphorescence of, 3 
Wilson ‘sphere’ tracks, 229 
AVilson tracks, branched, 101 
delta rays, 170 
;fish’, 220, 251, 256 
AA’ind, electrical, 544 

AA’ork function, photo-electric, relation 
with sparking potential, 519 
thermionic, relation with cathode fall, 
329, 332 

X-rays, Chap. A'l, p. 222 

Zinc sulphide, phosphorescence of, 3,178 
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